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(57) The present invention provides a threshold ma- 
trix that can obtain high-quality images with a uniform 
dot distribution using small masks and that can obviate 
the need to Increase the mask size for a high-definition 
printer to reduce the memory capacity required to store 
the masks, as well as a gray-level reproduction method 
and apparatus using this threshold matrix. 

A threshold matrix is formed so that (1 ) a dot pattern 
generated by executing gray level processing using the 
threshold matrix has a set of element pixel blocks having 
in all gray levels the same dot distribution in each ele- 
ment pixel block corresponding to each element mask, 
so that (2) a low Irregularity or pseudo periodicity Is In- 
troduced into one of the low gray levels after the first 
gray level, so that (3) in all gray levels, the number of 
dots Is equal for all element pixel blocks, and so that (4) 
every 4n «n) is an integer) gray levels, the number of 
dots is equal for four partial element pixel blocks each 
obtained by dividing each element pixel block into four. 
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Description 

BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 

[0001] The present invention relates to a threshold 
matrix and a gray level reproducing method and appa- 
ratus using the threshold matrix, and more specifically 
to a threshold matrix and a gray level reproducing meth- 
od and apparatus using the threshold matrix for convert- 
ing input image data into binary or multivalue data in a 
gray level process. 

DESCRIPTION OF THE RELATED ART 

[0002] The digital halftoning technologies have been, 
roughly speaking, categorized into two methods, i.e., 
the error diffusion method and the mask method. In the 
mask method, basically, an output value of a pixel of an 
output image is determined by corresponding a pixel of 
the original image one to one to an element of a thresh- 
old matrix in a binarizing process. 
[0003] On the other hand, in error diffusion method, 
an output value of a relevant pixel in an input image is 
determined so that errors can be recovered through the 
calculation for diffusing the above errors into neighbor- 
ing pixels. Therefore, although the quality of the output 
image is higher than that of the image produced by the 
mask method, time for this halftoning process of the 
method usually takes 3 to 5 times of that time of the 
mask method even if a high speed processor is used. 
[0004] The ordered dithering method as a well-known 
mask method is roughly divided into clustered-dot dith- 
ering and dispersed-dot dithering (R. Ulichney, Digital 
Halftoning (MIT Press, Cambridge, Massachusetts) 
1987)). 

[0005] About 1 0 years ago, when resolution of digital 
printers was coarse like about 300 to 500 dpi on aver- 
age, this dispersed-dot dithering process was used for 
producing output images whose image qua lily is al- 
lowed to the low and, when the demand for image quality 
is high, error-diffusion process was used. The reason 
why the image quality of the dispersed-dot dithering 
method is low is that a regular pattern with the periods 
corresponding to mask size appears two-dimensionally 
in some output image regions where values of gray lev- 
els are comparatively low and, furthermore, that, when 
regular patterns with periods small compared to the 
mask size are involved in input images, moire, vis., a 
kind of regular artifact, can appear. The clustered-dot 
dithering process becomes a periodical pattern using 
the mask size as the periods independently of the gray 
level, in which each cluster becomes only large as the 
gray level goes up, this method has been generally used 
in printing in which resolution is much higher than that 
of digital printers. 

[0006] When an output image is actually observed by 
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the eye with the optimal viewing distance of about 25cm, 
since the characteristic of the modulation transfer func- 
tion (MTF) tor the eye possesses its peak at about 1 Ip 
(line pairs )/mm together with the substantial resolution 

s limit of 7 tp/mm or so, the resolution limit of ihe distance 
between neighboring two dots in the output image plane 
is about 0. 1 4 mm. In the dispersed-dot dithering method 
whose mask has, provided that the number of density 
levels to be reproduced is 256, 16X16 = 256 elements, 

10 the size of the mask projected on the output image plane 
is 1.4 mm square for printers with 300 dpi or 0.8 mm 
square lor printers with 500 dpi. When an input image 
has regions where individual gray levels are constant 
and low. since a characteristic dot pattern produced by 
a single mask having one of the above sizes, which we 
may call a mask pattern for later convenience, are re- 
peatedly disposed two-dimensionally in those regions, 
such periodic patterns of approximately 1 mm having 
similar frequencies to the frequency at the peak of MTF 

20 for the eye can be sensitively observed as regular arti- 
fact. 

[0007] In the dispersed-dot dithering method, in which 
a periodic dot pattern with the highest frequency ap- 
pears at the middle gray level 128, individual dot pat- 

25 terns at every gray level have distinct periodicity. There- 
fore, if an input image involves a periodic pattern having 
a period similar to that of Ihe mask pattern, moire as a 
periodic structure having the frequency determined as 
the difference of two frequencies of the above two peri- 

30 odic patterns can be observed as a artifact, easily per- 
ceivable for the eye, provided that the artifact has a pe- 
riod near 1 mm to a tew mm. Apart from the moire, in 
order to make the period of aperiodic pattern generated 
by repeatedly disposing the mask pattern be the same ' 

35 as the resolution limit of the eye, a printer with 2860 dpi 
will be necessary. 

[0008] In the error diffusion method, although there 
has been various methods for diffusing errors, it was - 
shown by Ulichney (the above-mentioned book, EB.3.1, 

40 p. 268 and Dithering with Blue Noise, Proc. IEEE, vol. 
76 : no. 1 (1988) p. 56) that the perturbed error diffusion 
method is visually superior to others because the do- 
main frequency spectrum of binary coded pattern (dot 
pattern) generated at each gradation has blue-noise 

45 patterns, and this method can produce blue-noise pat- 
terns which are enjoying the benefits of aperiodic uncor- 
rected structure without low frequency g raininess (Ul- 
ichney, the above-mentioned book, p. 233). 
[0009] Fig, 66 shows the correspondence between 

so the characteristics of the blue-noise patterns in a spec- 
trum domain and an output -image domain. In Fig. 68, a 
little of low frequency spectrum in the spatial frequency 
domain means a little of low frequency grain iness in the 
output-image domain, and being aperiodic in the spec- 

55 tral domain signifies that artifacts such as a visually pe- 
riodic pattern caused by repeatedly disposing the same 
mask patterns and moire caused by interference be- 
tween the mask pattern and an input image do not gen- 
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erate in the output-image domain. That is, a visually 
pleasing dot pattern requires a Bttle of low frequency el- 
ement in a spectrum domain, and aperiodic. Therefore, 
according to the logic scheme disclosed by Ulichney, a 
visually pleased pattern should be a blue-noise pattern, s 
and vice versa. 

[0010] In spite of the above serious difficulty, stimu- 
lated by the success in error diffusion method, inven- 
tions to realize blue-noise patterns in the mask method 
having the merit of quick process time were issued. 10 
First, a method in which each blue-noise mask is pre- 
pared for individual gray levels was invented (USP 
4,920,501 and USP 5,214,517). Next, a blue-noise 
mask method preparing only the single mask as a 
threshold matrix, which is naturally applicable to every 15 
gray level, was invented (Japanese Patent Publication 
No. 2622429, USP 5,111,310, USP 5,477,305, etc. 
specifications). Further, void and cluster method (USP 
5,535,020) and its improvement (USP 5,317.418) were 
invented. so 
[0011] The blue-noise mask method is a binarization 
method based on the logic scheme shown in Fig. 68. As 
described in all inventions (Japanese Patent Publication 
No. 2622429, USP 5.111,310. USP 5,323,247, USP 
5,341,228, USP 5.477,305, USP 5,543,941 specifica- « 
tions) related to this method, the blue-noise properties 
of the blue-noise patterns generated by the method refer 
to that, when an arbitrary gray level is set, the output 
pattern of dots (dot pattern) is locally aperiodic and iso- 
tropic with a small amount of low frequency element. In 30 
addition, the blue-noise properties are non-deterministic 
in that the dot distribution at an arbitrary gray level is not 
predetermined, or they depend only on the randomness 
of the algorithm of generating a mask. Therefore, the 
dot distribution having the blue-noise properties can be 3s 
defined as random, non-deterministic, and having non- 
white noise characteristics (USP 5,111,310). 
[001 2] Note that since the logic scheme shown in Fig. 
68 is prepared based on the error diffusion method in 
which an output signal obtained by binarizing an input *o 
signal in real time is output, the dot distribution having 
the blue-noise properties can be obtained basically re- 
gardless of the size of the output screen. However, in 
the mask method, the dot pattern, whose size depends 
on the size of the mask, the resolution of the output de- 
vice, for example, a printer, etc., for an input image at a 
constant gray level periodically appears on the output 
screen. This refers to high periodicity not detected in the 
error diffusion method, and is a severe problem that it 
is inconsistent in principle with the logic scheme of the so 
blue-noise properties which are basically aperiodic (iso- 
tropic). In various mask methods relating to the above- 
described blue-noise properties, no disclosures is made 
on the practical conditions of solving the inconsistency. 
[001 3] Described below are the above-described ba- ss 
sic problems of the blue-noise mask method, and the 
limit of the method from the problems specific to the 
blue -noise mask method. 
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[0014] When the above-described method was in- 
vented, the resolution of printers are 300 through 500 
dpi on average (Japanese Patent Publication No. 
2622429. USP 5,111,310. USP 5,323,247, USP 
5.341 .22B. USP 5,477,305, USP 5.543.941 specifica- 
tions). In the blue-noise mask generation method dis- 
closed in the inventions, when the number of gray levels 
is 256, the blue-noise pattern at the 128th gray level is 
generated first. Then, the system of generating a dot 
pattern is divided into two, that is, the system of gener- 
ating a dot pattern at a gray level below the 128th level, 
and the system of generating a dot pattern at a gray level 
above the 128th level. Then, the dot patterns are se- 
quentially generated at gray levels of the respective sys- 
tems. When the dot patterns of all gray levels are deter- 
mined, all thresholds are determined, and the mask is 
completed. At this time, since no new dots cannot be 
placed at a point at which a dot has been placed for one 
or more gray levels before. Therefore, the farther from 
the central gray level, the smaller freedom of selecting 
the position of a dot, thereby hardly obtaining a pleasing 
blue^noise pattern. Figs. 69 and 70 show the first gray 
level (Fig. 69) of the ordered dithering methodldr the 
input image gray level of 256 and the output screen size 
of 256 X 256 pixels, and the first gray level (Fig. 70) of 
the blue-noise mask method. The dot pattern of the first 
gray level of the clustered dot dithering method is the 
same as that of the dispersed-dot dithering method. As 
compared with the dispersed-dot dithering method, the 
blus-noise mask method has apparently poor uniformity 
in the dot distribution at a low gray level. 
[0015] In the blue -noise mask method, if the prepara- 
tion for the first blue-noise mask pattern is stopped at 
the central gray level and a blue-noise mask pattern is 
prepared at a low gray level, for example, at the first gray 
level, then a pleasing blue-noise mask pattern should 
be obtained at a low gray level. In this case, the proper- 
ties become poor at the higher gray level. Thus, the 
properties at the 255th gray level are twice as poor as 
the properties at the central gray level at which the prep- 
aration of blue-noise mask patterns has been stalled. 
Thus, in this method, the preparation has been started 
from the central gray level in consideration of the bal- 
ance of the properties at all gray levels. As a result, the 
problem with the blue-noise mask method is that pleas- 
ing blue-noise mask patterns can be hardly obtained at 
a low gray level. 

[0016] Furthermore, with higher printer resolution in 
the blue-noise mask method, the limit of the blue-noise 
mask method from the problem with its principle be- 
comes obvious. That is, to obtain pleasing blue-noise 
properties in the blue-noise mask method, the mask is 
enlarged with higher printer resolution. In addition, with 
higher printer resolution from 600 through 700 dpi to ap- 
proximately 1200 dpi, the periodic pattern unique to the 
dispersed-dot dithering method becomes fine and diffi- 
cult to perceive. Therefore, as compared with the dis- 
persed-dot dithering method, the poor uniformity of the 
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dot distribution at a low gray level is distinct in the blue- 
noise mask method, thus dearly disclosing the problem 
with the blue-noise mask method. 
[001 7] Thus, the conventional blue-noise mask meth- 
od has the demerit of poor uniformity ol the dot distribu- 
tion at a low gray level. Furthermore, with high printer 
resolution, the poor uniformity becomes more distinct, 
which can only be covered with a large mask, thereby 
requiring a larger memory capacity. 

SUMMARY OF THE INVENTION 

[0018] Accordingly: it is a concern of the present in- 
vention to provide a threshold matrix, and a gray level 
reproducing method and apparatus using the threshold 
matrix to obtain a high quality image with good uniform- 
ity of dot distribution using a small mask, and therefore 
to reduce the memory capacity for storing a large mask 
because no large mask is required with higher printer 
resolution. 

[001 9] According to one aspect of the present inven- 
tion, there is provided a gray level reproducing method 
of reproducing a gray level lor representing the density 
of each pixel of an output image by binary or muftivalue 
data by corresponding each pixel of an original image 
one to one to each pixel of a threshold matrix (a mask), 
comprising the steps of: having non-blue noise proper- 
ties at every gray level of dot patterns generated in a 
pixel block of a reference size using a mask of a size 
smaller than the reference si7e of the pixel block; and 
generating in an output image no moire having visually 
undesired contrast and an artifact such as a constant 
repetitive pattern, etc. caused by the mask itself when 
an input image receives a gray level process and the 
image is output through an output device having a res- 
olution of over 600 dpt. 

[0020] Another gray level reproducing method ac- 
cording to the present invention is a method of repro- 
ducing a gray level for representing the density of each 
pixel of an output image by binary or multivalue data by 
corresponding each pixel of an original image one to one 
to each pixel of a threshold matrix (a mask), comprising 
the steps of: 

having non-blue noise properties at every gray level 
of dot patterns generated only by the mask; and 
generating in an output image no moire having vis- 
ually undesired contrast and an artifact such as a 
constant repetitive pattern, etc. caused by the mask 
itself when an input image receives a gray level 
process. 

[0021] A further gray level reproducing method ac- 
cording to the present invention is a method of repro- 
ducing a gray level for representing the density of each 
pixel of an output image by binary or multivalue data by 
corresponding each pixel of an original image one to one 
to each pixel of a threshold matrix (a mask), comprising 



the steps of: 

having a plurality of independent spectra, of a two- 
dimensional domain frequency spectrum of a dot 
5 pattern generated only by the mask, caused by pe- 
riodicity of the mask at every gray level; and gener- 
ating in an output image, which has received a gray 
level process, no visually undesired artifacts by in- 
troducing low irregularity (perturbation) to distribu- 
te tion of dots at a plurality of gray levels, and by as- 
signing noise elements having a small amount of 
tow frequency elements to a spectrum in a one-di- 
mensional radius direction. 

is [0022] A further gray level reproducing method ac- 
cording to the present invention is a method of repro- 
ducing a gray level using a relatively small threshold ma- 
trix haying the same threshold array corresponding to 
an entire original image in a two-dimensional and regu- 

20 lar array 1o represent density of each pixel of an output 
image by binary or multivalue data by corresponding 
each pixel of an original image one to one to eachpixel 
of a threshold matrix (a mask), comprising the steps of: 
the mask having a size of the arrangement of a 

2$ plurality of masks (element masks) of a size used in a 
dispersed-dot dithering method : and a dot pattern gen- 
erated by the mask: 

(1 ) having a set of element pixel blocks in which dis- 
30 tribution of dots in each element pixel block corre- 
sponding to each element mask is the same at eve- 
ry gray level; 

(2) having low irregularity or pseudo-periodicity at 
any low gray level at the first level or thereafter; 

35 (3) having the equal number of dots in all element 

pixel blocks at every level; and 

(4) having the equal number of dots in four partial. 

element pixel blocks each having a quarter of each 

element pixel block at every 4n (n indicates an in- 
40 teger) gray level. 

[0023] A gray level reproducing apparatus according 
to the present invention is an apparatus of reproducing 
a gray level for representing the density of each pixel of 
4S an output image by binary or multivalue data by corre- 
sponding each pixel of an original image one to one to 
each pixel of a threshold matrix (a mask), comprising: 

a storage unil for storing a threshold matrix; 

50 a comparison unit for comparing a value of the 
threshold matrix as a threshold with density of each 
pixel of an original image; and 
an output unit for outputting a binary or muftivalue 
dot pattern based on a comparison result of the 

ss comparison unit, wherein the threshold matrix has 
a size smaller than the reference size of the pixel 
block, dot patterns generated in a pixel block of a 
reference size have non-blue noise properties at 
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every gray level, no moire having visually undesired 
contrast nor an artifact such as a constant repetitive 
pattern, etc. caused by the mask itself is generated 
in an output Image when an input image receives a 
gray level process and the image Is output through 
an output device having a resolution of over 600 dpi. 

[0024] According to a further gray level reproducing 
apparatus according to the present invention is an ap- 
paratus of reproducing a gray level for representing the 
density of each pixel of an output image by binary or 
multivalue data by corresponding each pixel of an orig- 
inal image one to one to each pixel of a threshold matrix 
(a mask), comprising: 

a storage unit for storing a threshold matrix; 
a comparison unit for comparing a value of the 
threshold matrix as a threshold with density of each 
pixel of an original image; and 
an output unit for outputting a binary or multivalue 
dot pattern based on a comparison result of the 
comparison unit, wherein the threshold matrix has 
dot patterns generated only by the threshold matrix 
having non-blue noise properties at every gray lev- 
el, and generates in an output image no moire hav- 
ing visually undesired contrast or an artifact such 
as a constant repetitive pattern, etc. caused by the 
mask itself when an input image receives a gray lev- 
el process. 

[0025] A further gray level reproducing apparatus ac- 
cording to the present invention is an apparatus of re- 
producing a gray level tor representing the density of 
each pixel of an output image by binary or muttivalue 
data by corresponding each pixel of an original image 
one to one to each pixel of a threshold matrix (a mask), 
comprising: 

a storage unit for storing a threshold matrix; 
a comparison unit for comparing a value of the 
threshold matrix as a threshold with density of each 
pixel of an original image; and 
an output unit lor outputting a binary or multivalue 
dot pattern based on a comparison result of the 
comparison unit, wherein the threshold matrix has 
a plurality of independent spectra, of a two-dimen- 
sional domain frequency spectrum of a dot pattern 
generated only by the threshold matrix, caused by 
periodicity of the threshold matrix at every gray lev- 
el, and generates in an output image, which has re- 
ceived a gray level process, no visually undesired 
artifacts by introducing low irregularity (perturba- 
tion) to distribution of dots at a plurality of gray lev- 
els, and by assigning noise elements having a small 
amount of low frequency elements to a spectrum in 
a one-dimensional radius direction. 

[0026] A further gray level reproducing apparatus ac- 



cording to the present invention is an apparatus of re- 
producing a gray level for representing the density of 
each pixel of an output image by binary or multivalue 
data by corresponding each pixel of an original image 
5 one to one to each pixel of a threshold matrix (a mask), 
comprising: 

a storage unit for storing a threshold matrix; 

a comparison unit for comparing a value ol the 

io threshold matrix as a threshold with density of each 
pixel of an original image; and 
an output unit for outputting a binary or multivalue 
dot pattern based on a comparison result of the 
comparison unit, wherein the threshold matrix mask 

'£ has a size of an arrangement of a plurality of masks 
(element masks) of a size used in the dispersed-dot 
dithering method, and a generated dot pattern has: 

(1) a set of element pixel blocks in which distri- 
20 button of dots in each element pixel block cor- 
responding to each element mask is the same 
at every gray level; 

(2) low irregularity or pseudo-periodicityat any 
low gray level at the first level or thereafter; 

26 (3) an equal number of dots in all element pixel 

blocks at every level; and 
(4) an equal number of dots in four partial ele- 
ment pixel blocks each having a quarter of each 
element pixel block at every 4n (n indicates an 

30 integer) gray level. 

[0027] A threshold matrix according to the present in- 
vention is a threshold matrix for use in converting the 
density of each pixel of an original image into binary or 

35 multivalue data, wherein the threshold matrix has a size 
smaller than the reference size of the pixel block, dot 
patterns generated in a pixel block of a reference size 
have non-blue noise properties at every gray level, no 
moire having visually undesired contrast nor an artifact 

40 such as a constant repetitive pattern, etc. caused by the 
mask itself is generated in an output image when an in- 
put image receives a gray level process and the image 
is output through an output device having a resolution 
of over 600 dpi. 

46 [0028] A threshold matrix according to the present in- 
vention is a threshold matrix for use in converting the 
density of each pixel of an original image into binary or 
multivalue data, wherein the threshold matrix has dot 
patterns generated only by the threshold matrix having 

50 non-blue noise properties at every gray level, and gen- 
erates in an output image no moire having visually un- 
desired contrast or an artifact such as a constant repet- 
itive pattern, etc. caused by the mask itsetf when an in- 
put image receives a gray level process. 

55 [0029] A further threshold matrix according to the 
present invention is a threshold matrix for use in con- 
verting the density ol each pixel of an original image into 
binary or multivalue data, wherein the threshold matrix 
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has a plurality of independent spectra, ol a two-dimen- 
sional domain frequency spectrum of a dot pattern gen- 
erated onty by the threshold matrix, caused by periodic- 
ity of the threshold matrix at every gray level, and gen- 
erates in an output image, which has received a gray 
level process, no visually undesired artifacts by intro- 
ducing low irregularity (perturbation) to distribution of 
dote at a plurality of gray levels, and by assigning noise 
elements having a small amount of low frequency ele- 
ments to a spectrum in a one-dimensional radius direc- 
tion. 

[0030] A threshold matrix according to the present in- 
vention is a threshold matrix for use in converting den- 
sity of each pixel of an original image into binary or mul- 
tivalue data, wherein the threshold matrix mask has a 
size of an arrangement of a plurality of masks (element 
masks) of a size used in the dispersed-dot dithering 
method, and a generated dot pattern has: 

(1 ) a set of element pixel blocks in which distribution 
of dots in each element pixel block corresponding 
to each element mask is the same at every gray lev* 
el; 

(2) low irregularity or pseudo-periodicity at any low 
gray level at a first level or thereafter; 

(3) an equal number of dots in all element pixel 
blocks at every level; and 

(4) an equal number of dots in four partial element 
pixel blocks each having a quarter of each element 
pixel block at every 4n (n indicates an integer) gray 
level. 

[0031] A storage medium according to the present in- 
vention is a computer-readable storage medium storing 
a control program for controlling a gray level reproduc- 
ing process for representing the density of each pixel of 
an output image by binary or multivalue data by corre- 
sponding each pixel of an original image one to one to 
each pixel of a threshold matrix (a mask), comprising: 

a threshold matrix having a size smaller than the 
reference size of .the pixel block, dot patterns gen- 
erated in a pixel block of a reference size having 
non-blue noise properties at every gray level, 
wherein no moire having visually undesired con- 
trast nor an artifact such as a constant repetitive 
pattern, etc. caused by the mask itself is generated 
in an output image when an input image receives a 
gray level process and the image is output through 
an output device having a resolution of over 600 dpi; 
and 

a module for comparing a value of the threshold ma- 
trix as a threshold with density of each pixel of an 
original image for each pixel, and controlling an out- 
put of binary or multivalue dot patterns depending 
on a comparison result. 

[0032] A storage medium according to the present in- 



vention is a computer-readable storage medium storing 
a control program for controlling a gray level reproduc- 
ing process for representing the density of each pixel of 
an output image by binary or multivalue data by corre- 

s sponding each pixel of an original Image one to one to 
each pixel of a threshold matrix (a mask), comprising: a 
threshold matrix having dot patterns generated only by 
the threshold matrix having non-blue noise properties at 
every gray level, wherein no moire having visually un- 

70 desired contrast or an artifact such as a constant repet- 
itive pattern, etc. caused by the mask itself is generated 
when an input image receives a gray level process; and 
a module for comparing a value of the threshold matrix 
as a threshold with density of each pixel of an original 

'5 image for each pixel, and controlling an output of binary 
or multivalue dot patterns depending on a comparison 
result. 

[0033] A storage medium according to the present in- 
vention is a computer-readable storage medium storing 

20 a control program for controlling a gray level reproduc- 
ing process for representing the density of each pixel of 
an output image by binary or multivalue data by corre- 
sponding each pixel of an original image one to one to 
each pixel of a threshold matrix (a mask), comprising: a 

*5 threshold matrix having a plurality of independent spec- 
tra, of a two-dimensional domain frequency spectrum of 
a dot pattern generated only by the threshold matrix, 
caused by periodicity of the threshold matrix at every 
gray level, wherein no visually undesired artifacts is gen- 

30 erated in an output image, which has received a gray 
level process, by introducing low irregularity (perturba- 
tion) to distribution of dots at a plurality of gray levels, 
and by assigning noise elements having a small amount 
of tow frequency elements to a spectrum in a one-di- 

3S mensional radius direction; and a module for comparing 
a value of the threshold matrix as a threshold with den- 
sity of each pixel of an original image for each pixel, and 
controlling an output of binary or multivalue dot patterns 
depending on a comparison result. 

40 [0034] A storage medium according to the present in- 
vention is a computer-readable storage medium storing 
a control program lor controlling a gray level reproduc- 
ing process for representing the density of each pixel of 
an output image by binary or multivalue data by corre- 

4£ sponding each pixel of an original image one to one to 
each pixel of a threshold matrix (a mask), comprising: 

a threshold matrix mask having a size of an ar- 
rangement of a plurality of masks (element masks) 
so of a size used in dispersed-dot dithering, wherein a 
generated dot pattern has: 

(1) a set of element pixel blocks in which distri- 
bution of dots in each element pixel block cor- 

55 responding to each element mask is the same 

at every gray level; 

(2) tow irregularity or pseudo-periodicity at any 
low gray level at a first level or thereafter; 
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(3) an equal number of dots in alt element pixel 
blocks at every level; and 

(4) an equal number ol dots in four partial ele- 
ment pixel blocks each having a quarter of each 
element pixel block at every 4n (n indicates an 
integer) gray level; and 

a module for comparing a value of the threshold ma- 
trix as a threshold with density of each pixel of an 
original image tor each pixel, and controlling an out- 
put of binary or muitivalue dot patterns depending 
on a comparison result. 

[0035] In addition, a gray scale reproducing appara- 
tus according to the present invention associates each 
pixel of an original image with each pixel of a threshold 
matrix (mask) on a one-to-one correspondence to re- 
produce the density of each pixel of an output image 
using binary or muitivalue data, characterized in that in 
the anisotropy of a dot patlem generated only by a 
threshold matrix, the dot pattern has a spectrum having 
a mean value of 3 dB or more at every gray level and a 
maximum value of 10 dB or more, and wherein no moire 
having a visually undesired contrast or no virtual image 
such as a constant repetition pattern, etc. caused by the 
mask is generated in an output image. 
[0036] According to the present invention, a high qual- 
ity image with uniform dot distribution can be obtained 
using a small mask. A large mask is not necessary even 
with high printer resolution, thereby reducing the mem- 
ory capacity for storing a mask. 
[0037] Other features and advantages of the persent 
invention will be apparent from the following description 
taken in conjunction with the accompanying drawings, 
in which like reference characters designate the same 
or similar parts throughout the figures thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] The accompanying drawings, which are incor- 
porated in and constitute a part of the specification, il- 
lustrate embodiments of the invention and, together with 
the description, serve to explain the principles of the in- 
vention. 

[0039] Fig. 1 shows a theoretical scheme to which a 
mask method according to this embodiment conforms. 
[0040] Fig. 2 is a drawing describing regularities (2) 
and (3) according to this embodiment. 
[0041] Fig. 3 is a drawing describing regularity (4) ac- 
cording to this embodiment. 

[0042] Fig. 4 is a drawing describing regularities (1) 
and (4) according to this embodiment 
[0043] Fig. 5 is a flowchart showing a flow of steps for 
obtaining a dither matrix according to this embodiment. 
[0044] Fig. 6 is a drawing describing a method for per- 
turbing a dot pattern for the eighth gray level. 
[0045] Fig. 7 schematically shows the shape of a re- 
pulsive potential. 



[0046] Fig. 8 specifically shows the repulsive potential 
used in the embodiment. 

[0047] Fig. 9 is a drawing describing a method for 
forming dot patterns for the third and subsequent gray 
5 levels. 

[0048] Fig. 10 shows a method for changing step S3 
in the flowchart in Fig. 5 and providing a pseudo periodic 
pattern for the first gray level. 

[0049] Fig. 1 1 shows an example of steps for the sec- 
io ond and subsequent gray levels used if step S3 in Fig. 
5 has been changed. 

[0050] Fig. 1 2 shows another example of steps for the 
second and subsequent gray levels used if step S3 in 
Fig. 5 has been changed. 
15 [0051] Fig. 1 3 shows an example of configuration of 
a basic system for processing an image according to 
this embodiment. 

[0052] Fig. 14 shows the shape and size of a unit pixel 
block corresponding to a unit mask and a set of element 
20 pixel blocks having the same dot array according to a 
first embodiment 

[0053] Fig. 1 5 shows how the unit pixel blocks accord- 
ing to the first embodiment are two-dimensionatiy ar- 
ranged on an output screen. 
25 [0054] Fig. 16 is a drawing describing steps S3 and 
S4 in the flowchart in Fig. 5 according to the first em- 
bodiment 

[0055] Fig. 1 7 shows a dot pattern for the eighth gray 
level generated in a screen of 256 x 256 pixels accord- 
30 ing to the first embodiment, wherein the dot pattern has 
been enlarged 10 times. 

[0056] Fig. 1 8 shows a dot pattern for the 32nd gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the first embodiment, wherein the dot pattern has 

35 been enlarged 10 times. 

[0057] Fig. 19 shows the one -dimensional spatial -fre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated using a single unit mask 
according to the first embodiment 

40 [0058] Fig. 20 shows the anisotropy of the dot pattern 
for the 32 gray level generated using the single unit 
mask according to the first embodiment 
[0059] Fig. 21 shows the one-dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 

4£ for the 32 gray level generated in a screen of 256 X 256 
pixels using the unit masks according to the first embod- 
iment 

[0060] Fig. 22 shows the anisotropy ol the dot pattern 
for the 32 gray level generated in the screen of 256 X 
so 256 pixels using the unit masks according to the first 
embodiment. 

[0061] Fig. 23 shows the shape and size of a unit pixel 
block corresponding to a unit mask and a set of element 
pixel blocks having the same dot array according to a 
ss second embodiment 

[0062] Fig. 24 shows how the unit pixel blocks accord- 
ing to the second embodiment are two-dimensionalty ar- 
ranged on an output screen. 
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[0063] Fig. 25 is a drawing describing steps S3 and 
S4 in the flowchart in'Fig. 5 according to the second em- 
bodiment. 

[0064] Fig. 26 shows a dot pattern for the eighth gray 
level generated in a screen of 256 x 256 pixels accord- 
ing to the second embodiment, wherein the dot pattern 
has been enlarged 10 times. 

[0065] Fig. 27 shows a dot pattern for the 32nd gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the second embodiment, wherein the dot pattern 
has been enlarged 10 times. 

[0066] Fig. 28 shows the one -dimensional spatiaMre- 
quency property in the radial direction of a dot pattern 
for ihe 32 gray level generated using a single unit mask 
according to the second embodiment. 
[0067] Fig. 29 shows the anisotropy of the dot pattern 
for the 32 gray level generated using the single unit 
mask according to the second embodiment. 
[0068] Fig. 30 shows the one-dimensional spatiaMre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated in a screen of 256 X 256 
pixels using the unit masks according to the second em- 
bodiment 

[0069] Fig. 31 shows the anisotropy of the dot pattern 
for the 32 gray level generated in the screen of 256 X 
256 pixels using the unit masks according to the second 
embodiment. 

[0070] Fig. 32 shows the shape and size of a unit pixel 
block corresponding to a unit mask and a set of element 
pixel blocks having Ihe same dot array according to a 
third embodiment. 

[0071 ] Fig. 33 shows how the unit pixel blocks accord- 
ing to the third embodiment are two-dimensionally ar- 
ranged on an output screen. 

[0072] Fig. 34 is a drawing describing steps S3 and 
S4 in the flowchart in Fig. 5 according to the third em- 
bodiment. 

[0073] Fig. 35 shows a Gaussian weighting applied to 
small pixel blocks in determining in probability one pixel 
in the small pixel block to which a dot for the second 
gray level is provided according to the third embodi- 
ment. 

[0074] Fig. 36 is a drawing describing steps S3 and 
S4 in the flowchart in Fig. 5 according to the third em- 
bodiment. 

[0075] Fig. 37 shows a dot pattern for the eighth gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the third embodiment, wherein the dot pattern has 
been enlarged 10 times. 

[0076] Fig. 38 shows a dot pattern for the 32nd gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the third embodiment, wherein the dot pattern has 
been enlarged 10 times. 

[0077] Fig. 39 shows the one -dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated using a single unit mask 
according to the third embodiment. 
[0078] Fig. 40 shows the anisotropy of the dot pattern 
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for the 32 gray level generated using the single unit 
mask according to the third embodiment. 
[0079] Fig. 41 shows the one -dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 
5 for the 32 gray level generated in a screen of 256 x 256 
pixels using the unit masks according to the third em- 
bodiment 

[0080] Fig. 42 shows the anisotropy of the dot pattern 
for the 32 gray level generated in the screen of 256 X 
10 256 pixels using the unit masks according to the third 
embodiment. 

[0081] Fig. 43 shows the shape and size of a unit pixel 
block corresponding to an initially assumed unit mask 
and a set of element pixel blocks having the same dot 
array according to a fourth embodiment. 
[0082] Fig. 44 shows the shape and size of a unit pixel 
block corresponding to an actually created unit mask 
and a set of element pixel blocks having the same dot 
array according to the fourth embodiment. 
20 [0083] Fig. 45 shows how the unit pixel blocks accord- 
ing to the fourth embodiment are two-dim ens tonally ar- 
ranged on an output screen. 

[0084] Fig. 46 is a drawing describing steps S3 and 
S4 in the flowchart in Fig. 5 according to the fourth em- 

2$ bodiment 

[0085] Fig. 47 shows a dot pattern for the eighth gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the fourth embodiment, wherein the dot pattern 
has been enlarged 10 times. 

30 [0086] Fig. 48 shows a dot pattern for the 32nd gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the fourth embodiment, wherein the dot pattern 
has been enlarged 10 times. 

[0087] Fig. 49 shows the one-dimensional spatial -f re - 

35 quency property in the radial direction of a dot pattern 
for the 32 gray level generated using a single unit mask 
according to the fourth embodiment 
[0088] Fig. 50 shows the anisotropy of the dot pattern 
for thB 32 gray level generated using the single unit 

40 mask according to the fourth embodiment. 

[0089] Fig. 51 shows values obtained by subtracting 
from the anisotropy values of the dot pattern for the 32nd 
gray level generated using the single unit mask accord- 
ing to the fourth embodiment, the anisotropy values of 

46 a dot pattern obtained using a blue mask and cut out in 
the same mask shape as in the embodiment, in order to 
eliminate the effects of the shape anisotropy of the unit 
mask according to this embodiment. 
[0090] Fig. 52 shows the one-dimensional spatial-fre- 

so quency property in the radial direction of a dot pattern 
for the 32 gray level generated in a screen of 256 X 256 
pixels using the unit masks according to the fourth em- 
bodiment 

[0091] Fig. 53 shows the anisotropy ol the dot pattern 
55 for the 32 gray level generated in the screen of 256 X 
256 pixels using the unit masks according to the fourth 
embodiment 

[0092] Fig. 54 shows the shape and size of a unit pixel 
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block corresponding to an initially assumed unit mask 
and a set of element pixel blocks having the same dot 
array according to a fifth embodiment 
[0093] Fig. 55 shows the shape and size of a unit pixel 
block corresponding to an actually created unit mask 
and a set of element pixel blocks having the same dot 
array according to the fifth embodiment. 
[0094] Fig. 56 shows how the unit pixel blocks accord- 
ing to the fifth embodiment are two-dimensionatty ar- 
ranged on an output screen. 

[0095] Fig. 57 is a drawing describing steps S3 and 
S4 in the flowchart in Fig. 5 according to the fifth em- 
bodiment. 

[0096] Fig. 58 Is a drawing for describing a rule for 
selecting one pixel from a small pixel block to which a 
dot for the second gray level is provided according to 
the fifth embodiment 

[0097] Fig. 59 shows a dot pattern for the eighth gray 
level generated in a screen of 256 X 256 pixels accord- 
ing to the fifth embodiment, wherein the dot pattern has 
been enlarged 10 times. 

[0098] Fig. 60 shows a dot pattern for the 32nd gray 
level generated in a screen of 256 x 256 pixels accord- 
ing to the fifth embodiment, wherein the dot pattern has 
been enlarged 10 times. 

[0099] Fig. 61 shows the one-dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated using a single unit mask 
according to the fifth embodiment 
[01 00] Fig. 62 shows the anisotropy of the dol pattern 
for the 32 gray level generated using the single unit 
mask according to the fifth embodiment 
[0101] Fig. 63 shows values obtained by subtracting 
from the anisotropy values of the dot pattern for the 32nd 
gray level generated using the single unit mask accord- 
ing to the fourth embodiment, the anisotropy values of 
a dot pattern obtained using a blue mask and cut out in 
the same mask shape as in the embodiment, in order to 
eliminate the effects of the shape anisotropy of the unit 
mask according to this embodiment. 
[01 02] Fig. 64 shows the one-dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated in a screen of 256 X 256 
pixels using the unit masks according to the fifth embod- 
iment. 

[01 03] Fig. 65 shows the anisotropy of the dot pattern 
for the 32 gray level generated in the screen of 256 x 
256 pixels using the unit masks according to the fifth 
embodiment. 

[0104] Fig. 66 shows a pari of a gray scale output us- 
ing a 600-dpi printer and the masks according to the sec- 
ond embodiment, which has been magnified several 
times. 

[0105] Fig. 67 shows a part of a gray scale output us- 
ing a 600-dpi primer and the masks according to the 
fourth embodiment, which has been magnified several 
times. 

[0106] Fig. 68 shows a theoretical scheme to which 



the dithering method having a blue noise property con- 
forms. 

[0107] Fig. 69 shows a dot pattern for the first gray 
level according to the organizational dithering method 

5 [0108] Fig. 70 shows a dot pattern for the first gray 
level according to the blue noise mask method. 
[01 09] Fig. 7 1 shows a part of a gray scale output us- 
ing a 600-dpi printer and a blue noise mask of 256 x 
256 pixels, which has been magnified several times. 

io [0110] Fig. 72 shows a part of a gray scale output us- 
ing a 600-dpi printer and the blue noise mask of 1 28 x 
128 pixels, which has been magnified several times. 
[0111] Fig. 73 shows a part of a gray scale output us- 
ing a 600-dpi printer and a blue noise mask of 64 x 64 

'£ pixels, which has been magnified several times. 

[011 2] Fig. 74 shows the one-dimensionaJ spatial -fre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated using a single blue noise 
mask of 128 X 128 pixels. 

20 [01 1 3] Fig. 75 shows the anisotropy of the dot pattern 
for the 32 gray level generated using the single blue 
noise mask of 128 X 128 pixels. 
[0114] Fig. 76 shows the one-dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 

*s for the 32 gray level generated in a screen of 256 X 256 
pixels using the blue noise mask of 128 X 128 pixels. 
[011 5] Fig. 77 shows the anisotropy of the dot pattern 
for the 32 gray level generated in the screen of 256 X 
256 pixels using the blue noise mask of 128 x 128 pix- 

30 els. • r 

[0116] Fig. 78 shows the one -dimensional spatial -fre- 
quency property in the radial direction of a dot pattern 
for the 32 gray level generated using a single blue noise 
mask of 64 X 64 pixels. 
35 [01 1 7] Fig. 79 shows the anisotropy of the dot pattern 
for the 32 gray level generated using the single blue 
noise mask of 64 X 64 pixels. 

[011 8] Fig. 80 shows the one -dimensional spatial-fre- 
quency property in the radial direction of a dot pattern 

40 (or the 32 gray level generated in a screen of 256 X 256 
pixels using the blue noise mask of 64 X 64 pixels. 
[01 1 9] Fig. 81 shows the anisotropy of the dot pattern 
for the 32 gray level generated in the screen of 256 X 
256 pixels using the blue noise mask of 64 x 64 pixels. 

4S [0120] Fig. B2 shows a well-known technique using a 
pseudo periodic irregular pattern tor a half-tone scale 
reproduction screen. 

[0121] Fig. 83 shows a well-known technique using 
the ctustered-dot dithering method with a cross-shaped 

so threshold matrix. 

[01 22] Fig. 84 shows the well-known techntqu e using 
the clustered-dot dithering method with the cross- 
shaped threshold matrix wherein a low irregularity (per- 
turbation) has been introduced into a dot pattern for the 

5£ first dot pattern. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0123] Preferred embodiments of the present inven- 
tion will now ba described in detail in accordance with 
the accompanying drawings. 

[0124] Described bebw are the embodiments ot the 
present invention. 

[01 25] The present invention can be applied to repre- 
sent gray scales with an apparatus such as a conven- 
tional ink jet printer, a bubble-jet (BJ) printer, etc. for gen- 
erating, tor a simplest example, an image by determin- 
ing whether or not a dot of ink is to be applied to each 
pixel of an output image. Similarly, it can be applied to 
represent gray scales with a liquid crystal device, etc. 
for displaying an image in shadings. 
[0126] More practically, gray scales can be desirably 
represented using an ink jet printer, etc. for converting 
a monochrome or color image of continuous gray levels 
into a binary or muttivalue image and outputting it ; or 
using such appliances as a laser beam printer, facsimile, 
a printing apparatus, etc. 

[0127] Furthermore, the present invention is more ef- 
fective with higher resolution over 600 dpi through 1 200 
dpi of an output device such as a printer, etc. 
[0128] To more easily understand the embodiments 
of the present invention, the problems with the conven- 
tional blue-noise mask method are described in detail, 
and then the important points of the embodiments are 
explained furthermore in detail. 
[0129] Described be tow is the reason why the above- 
described large blue-noise mask is required. 
[01 30] We carried out experiments to study quality of 
images produced by the above blue-noise mask method 
under the condition that the number of gray levels re- 
producible in output images should be 256, using mainly 
an ink jet printer with 600 dpi which is commercially 
available. In accordance with the disclosed methods for 
preparing blue-noise masks (USP 5, 1 1 1 ,3 1 0 and others; 
T. Mitsa and K. J. Parker, J. Opt. Soc. Am., 9, pp. 
1 920-1 929 (1 992)); we made three masks with different 
sizes, i.e., 256 X 256 elements (10.8 mm square on an 
output-image plane), 128 x 128 elements (5.4 mm 
square), and 64 X 64 elements (2.7 mm square). First, 
we visually estimated quality ol output images produced 
by using the above blue-noise masks. The input image 
we used was a gray scale consisting of a number of 1 8.5 
mm square images, each ol which has a constant gray 
level, and their gray levels change step by step like a 
stair up to 256 gray level. Parts of output images ol the 
above gray scale are shown in order of mask size in Fig. 
71 (256 X 256), Fig. 72 (128 X 128). and Fig. 73 (64 X 
64). Each figure illustrates 30th, 31st. and 32nd gray lev- 
els from left to right in the upper line, 40th, 41st, and 
42nd gray levels in the middle line, and 50th, 51st, and 
52nd gray levels in the bottom line. However, the figures 
are copied from the original image on a printer, and the 
contrast in shadings has somewhat changed due to the 
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non-linear characteristic. 

[0131] Although about 2x2 = 4 pieces of a 10.8 mm 
square blue-noise mask pattern produced by the above 
256 X 256 blue-noise mask should be included in each 

5 square image, no periodic pattern is perceived whereas 
some irregular distribution of density or, in other words, 
weak low frequency graininess is observed in Fig. 71. 
Results of estimation for gray level images other than 
those shown in this figure were almost similar to the 

10 above result. 

[0132] However, in the case of the above blue-noise 
mask with the size of 128 X 128, a two-dimensional pe- 
riodic pattern consisting of about 3x3 = 9 pieces of 
mask patterns, each of which is produced by the single 

1 & mask, is appeared at many gray- level square images 
shown in Fig. 72. These appearances of output images 
are not suitable tor practical use. 
[0133] In the case of the above blue-noise mask with 
the size of 64 x 64 elements, the situation gets worse 

20 as shown in Fig. 73, where a two-dimensional lattice pat- 
tern with 2.7 mm periods can be dearly observed in al- 
most all gray level range. The above situations indicate 
that, when the mask size decreases, since the gradient 
of spatial variation concerning the density of dots h- 

25 creases, irregularity on a mask pattern is relatively em- 
phasized, resulting in an output image in which the same 
mask patterns with irregular density distribution of dots 
are periodically bid down two-dimensionally. If the pe- 
riod becomes a few mm which is a distance sensitive 

30 for the eye, we can perceive an artifact of the two-di- 
mensional lattice pattern in the output image. 
[0134] According to the above results, we can con- 
clude that the blue-noise mask with 256 X 256 elements 
gives the size suitable for an ink jet printer with 600 dpi. 

35 pi 35] For printers with tow resolution of 300 through 
500 dpi, that is, for example, with 300 dpi, a distinct ar- 
tifact is obtained in a regular pattern specific to a mask 
in the dispersed-dot dithering method whereas an arti- 
fact as shown in Fig. 72 is less perceivable with the 1 28 

40 x 128 blue-noise mask. However, when the resolution 
of the printer is as high as 600 dpi, the size of a dot pat- 
tern generated by apiece of mask becomes smaller, and 
a periodic artifact in the dispersed-dot dithering method 
becomes less perceivable while an artifact in the blue- 
ts noise mask method is more perceivable as shown in Fig. 
72. That is, to obtain an acceptable dot pattern in the 
blue-noise mask method, a larger mask is required with 
a higher resolution printer. 

[01 36] Next, we try to quantitatively investigate in the 
50 spectrum domain as to whether dot patterns produced 
by using aforementioned blue-noise masks with differ- 
ent sizes have blue-noise properties. This time, the out- 
put image size is fixed to the size of mask patterns of 
the 256 X 256 blue-noise mask The size is the same 
55 as the screen used when Ulichney (p. 54) investigated 
the one-dimensional frequency characteristic Pr(fr) (the 
power spectrum averaged within individual annular do- 
mains with each radius fr in the two-dimensional spatial 
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frequency domain displayed with the radius direction f r 
as a horizontal axis) and the anisotropy (Ulichney, p. 
56). 

[01 37] Ulichney defines the anisotropy in the error dif- 
fusion method as follows. 



2 

Anisotropy = 

P (fr) 



0) 



where s 2 (fr) denotes the variance of one-dimen- 
sional power spectrum Pr(fr) and Pr^fr) is a square of 
the power spectrum. In the case of error diffusion meth- 
od, since a dot pattern differs every time when the loca- 
tion of the dot pattern in an output image with a certain 
gray level differs, the power spectrum of ten samples of 
256 X 256 screen is calculated, and the power spectrum 
is defined for th e gray level as an average of 1 0 different 
samples of power spectrum under the supposition that 
individual power spectrums are independent of one an- 
other Then, the value of anisotropy equals -10 dB for 
the case of being completely isotropic. 
[0138] It should be noted that if a dot pattern is iso- 
tropic, it is non-periodic but that the converse is not al- 
ways true. Conversely speaking, if a dot pattern is peri- 
odic, it is always anisotropic. As shown above, it should 
be noted that a dot pattern must be non-periodic rather 
than isotropic and have no correlated artifact so as to 
be the blue-noise pattern defined by Ulichney, thus, a 
visually pleasing pattern. 

[0139] As described by Ulichney (§8.2) in the error dif- 
fusion method introduced by Floyd and Steinberg, al- 
though images at several gray levels are represented 
by pleasingly isotropic, structureless dot patterns, cor- 
related artifacts in many of the gray level patterns and 
artifacts of directional hysteresis in very light and very 
dark regions of Images, etc. are observed According to 
graphs illustrating anisotropy of the above method (Ul- 
ichney, Fig. 8.8), the measure of anisotropy averaged 
across all available frequency range at seven gray lev- 
els being able to refer shows over -6 dB, when the max- 
imum of gray level number g is normalized to V 
[0140] In addition, the maximum anisotropy value is 
0 dB or more at the sixth gray level and -2 dB at g = 7/3. 
The smaller number of dots near the lowest or highest 
frequency causes the value of anisotropy to vary signif- 
icantly, so these variations must be eliminated. 
[0141] If any spectrum has at least one frequency cor- 
responding to an aniostropy value of 0 dB or more, such 
a pattern is especially anisotropic (Ulichney, cited 
above, p. 242). Actually, correlated artifacts are unex- 
ceptional^ observed at the sixth level at which the mean 
anisotropy value is -6 dB or more and at which the max- 
imum anisotropy value is 0 dB or more. At g = 7/6, how- 
ever, the maximum value does not reach 0 dB, the mean 
value is high, -5.5 dB, and a few artifacts appear. 
[0142] Further, in error diffusion method by Jarvis el 
al. p in which some of the artifacts seen in error diffusion 



method by Floyd and Steinberg are reduced, directional 
hysteresis in the very dark and light regions has in- 
creased, and pixels are clustered together more in the 
middle gray region (Ulichney, §8.£1 , p. 253), increasing 

5 gralniness. Accordingly, ft Is apparent that the anisotro- 
py in this error diffusion method becomes weaker than 
that in the error diffusion method by Floyd and Stein- 
berg. By the way, in the error diffusion method by Jarvis 
et at., the average anisotropy at all five levels being able 

io to refer is within the range from just over -7 dB to -4 dB, 
and their average amounts near -6 dB. 
[0143] At the third gray level at which the mean ani- 
sotropy value is -7 dB odd or more and at which the max- 
imum anisotropy value Is 0 dB or more, artifacts are un- 
exceptionally observed. Accordingly, in both error diffu- 
sion methods, artifacts can be assumed to unexception- 
ally appear in a dot pattern with a spectrum having a 
mean anisotropy value of -7 dB odd or more and a max- 
imum anisotropy value ol 0 dB or more. 

20 [0144] Based on the above description, a dot pattern 
obtained by an error diffusion method and having a max- 
imum anisotropy value of 0 dB or more and a mean an- 
isotropy value of -7 dB odd or more cannot be assumed 
to have the blue-noise property but to have the non- 
blue-noise property. This is because as shown in Fig. 
68 based on Ulichney (cited above), a dot pattern having 
the blue-noise property dose not essentially generate 
artifacts such as those described above. Accordingly, 
such a dot pattern can be determined to unexceptionally 

30 have the non-btue-noise property based on only the 
maximum and mean anisotropy values regardless of the 
power spectrum. 

[0145] Furthermore, referencing the case of the 
number of gray levels g = 1/B according to Jarvis el al. 
35 's error diffusion method and if the number of low-fre- 
quency components is presumably small, the limit for 
the blue-noise property in terms of anisotropy may be 
defined as a dot pattern having a mean value of -7 dB 
or less. At this gray level, the maximum anisotropy value 
40 is relatively high, -2.5 dB. 

[0146] The reason why g = 1/8 that is visually pleasing 
is selected as the limit for the blue-noise properties will 
be shown below. The shape of the power spectrum at g 
= 1/8 is very close to the shape of the ideal power spec- 
ks trum of the blue noise shown by Ulichney (Ulichney, cit- 
ed above, p. 238, Fig. 8.3). Compared to Utichney's fig- 
ure, however, this power spectrum at g = 1/8 has a very 
high peak at the position of a principal frequency fg, at 
which anisotropy has a maximum value. In addition, the 
so mean anisotropy value is -7 dB and very close to the 
lower limit of the mean value, -7 dB odd of the anisotropy 
of the non-blue-noise property shown by this error dif- 
fusion method, indicating the relatively high anisotropy 
of this power spectrum. If these values concerning ani- 
&s sotropy are higher, the dot pattern has its visual proper- 
ties rapidly degraded to clearly exhibit the non-blue- 
noise property. On the contrary, however, if the mean 
anisotropy value becomes -7 dB or less and approaches 
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-10 dB (isotropic), the visual property is also degraded, 
as described below. That is, this gray level based on 
Jarvis et al.'s error diffusion method is very likely to be 
optimized so as to obtain the highest level of anisotropy 
for excellent visual properties. 
[0147] Even if the maximum anisotropy value further 
increases above the level exhibiting the blue-noise 
property, the dispersed-dot dithering process can pro- 
vide a very visually pleasing image, as understood when 
producing a dot pattern again at g - 1/3 (32nd gray level 
when the total number of gray levels is 256) using a 
600-dpi printer. This dot pattern, however, doe not have 
the blue-noise property. 

[0148] Spectral characteristics of perturbed error dif- 
fusion method with a stochastic error filter with one 
weight which is shown as an example producing more 
acceptable output images, indicate the following desir- 
able properties at various gray levels (6 levels of g = 
1/32, 1/16, 1/8, 1/4, 1/2, and 3/4) when the maximum ol 
gray level number g is normalized to 1 (Ulichney, p. 272 
and Fig. 8.15 ; IEEE, vol. 76, No. 1 (1968) p. 69 and Fig. 
25 (P. 70), 

(1) very low anisotropy, 

(2) Mat blue-noise region, and 

(3) cutoff at fg. 

[0149] (1) is a property relating to anisotropy and (2) 
and (3) are properties relating to power spectra. Accord- 
ingly, whether a dot pattern has the biue-noise property 
cannot be evaluated from only one ol the spectra, that 
is, either the anisotropy or power spectrum. 
[0150] As described above, however, whether a dot 
pattern has the non-blue-noise property can be deter- 
mined only from the maximum and mean anisotropy val- 
ues. In light of the above definition of the blue noise, the 
level of anisotropy indicating a particularly high anisot- 
ropy is inconsistent with property (1) (very low anisotro- 
py). Thus, the blue-noise property is defined only by the 
above spectrum properties (1) to (3) regardless of the 
resolution of the printer or the number of gray levels g 
in the dot pattern. 

[0151] If the three conditions are met at all gray levels, 
that dot pattern can be assumed to have the blue-noise 
property. Strictly speaking, however, even the perturbed 
error diffusion method disclosed by Ulichney does not 
meel condition (2) at g = 1/2 and provides a relatively 
large number ; of low-frequency components. Conse- 
quently, the dot pattern is significantly granular. Accord- 
ing to Ulichney, however, such a deviation from condi- 
tion (2) fails within the allowable range of the blue-noise 
property, in contrast with the white noise. Thus, due to 
its basis on the blue-noise properties defined by Ul- 
ichney, the perturbed error diffusion method is charac- 
terized to strictly restrain the periodicity and correlated 
artifacts at all gray levels to prevent moire but is also 
characterized to be weak in retraining granularity. 
[0152] In the above perturbed error diffusion method, 



the anisotropy values at three of the six gray levels, that 
is, g = 1/8, 1/4 : and 7/8 are within the range of -10±2.5 
dBin almost all frequency bands, indicating isotropy be- 
cause the mean value is -1 0 dB. At the remaining three 

5 gray levels, however, the mean value is larger than -10 
dB depending on the frequency band, definitely exhib- 
iting anisotropy. A( a gray level with a higher anisotropy, 
the maximum value is about -4 dB and the mean value 
is about -7 dB. Such anisotropy, however, exists in fre- 

10 quency bands lower than the principle frequency f g, and 
the power spectrum shows no peak at a particular fre- 
quency. Thus, no artifacts are sensed. 
[0153] As described above, the limit for the blue-noise 
properly has been set for g = 1/8 according 1o Jarvis et 
al.' s error diffusion method. According to the perturbed 
error diffusion method, when the number of gray levels 
g = 1/8, the mean anisotropy value is almost -10 dB, 
exhibiting a good anisotropy. The power spectrum, how- 
ever, shows a large number of low-frequency compo- 

20 nents, indicating a substantially degraded granularity 
compared to the dot pattern at g = 1/8 according to 
Jarvis et al.'s error diffusion method 
[0154] The mask method can constantly provide the 
same dot pattern at the same gray level, thereby elimi- 

25 nating the need to obtain and average 1 0 samples. Ac- 
cordingly, the correspondence between the error diffu- 
sion method and the mask method must be checked for 
the maximum and mean anisotropy values. Thus, Floyd 
and Steinberg's error diffusion method and Jarvis et al. 

30 's error diffusion method were examined for the corre- 
spondence between these values for the respective 
methods and these values for each of the 10 samples. 
Even in the error diffusion method, actually viewed dot 
patterns are individual samples, so the anisotropy and 

35 power spectra for each sample have more direct corre- 
spondence with the visual properties. 
[0155] First, if the anisotropy obtained by the error dif- 
fusion method has a peak value of about 5 dB or less, 
the difference between the mean anisotropy value of 

40 each sample and the isotropy reference value of 0 dB 
is a little lower than the half of the difference between 
the mean anisotropy value of the 10 samples and the 
reference value of -10 dB. This means that if the error 
diffusion method and the mask method are compared 

46 with each other for anisotropy and if the mask method 
exhibits a value half that in the error diffusion method in 
terms of the difference between the mean value and the 
reference value, these two methods may be determined 
to have an almost equal anisotropy, and more precisely 

so speaking, the mask method may be determined to have 
a little higher anisotropy. 

[01 56] Next, each sample was checked for the maxi- 
mum value indicating a significant anisotropy and that 
is 0 dB (+10 dB higher than the reference value of -10 
55 dB) in the error diffusion method. Only the results are 
shown bebw. Despite the variation among the 10 indi- 
vidual samples, the values fell within the range of 5dB±1 
dB = 4 - 6 dB. In addition, in the error diffusion method, 
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when iho mean value of the case ol anisotropy in which 
artifacts un exceptionally appear was assumed to have 
a maximum value of 0 dB or more, the maximum value 
was -7 dB odd, that is, 3 dB odd higher than the refer- 
ence value of -10 dB. Accordingly, h the mask method, 
the corresponding mean value is less than 1.5 dB odd. 
When the mean value of each of the 10 samples was 
actually calculated, the lowest value was 0.6 dB. 
[01 57] In addition, with respect to the limit for the blue- 
noise property, a dot pattern having a mean anisotropy 
value of -7 dB or less and a maximum anisotropy value 
of -2.5 dB was specified referencing the case of the 
number of gray levels g = 1/8 according to Jarvis et aL 
*s error diffusion method. Thus, the limit for the blue- 
noise property according to the mask method is a dot 
pattern in which the mean anisotropy value is less than 
1 .5 dB. When the mean value of each of the 10 samples 
was actually calculated, the largest value was 0.9 dB. 
This value is higher than the lower limit of the mean val- 
ue of the samples that should have the non-blue-noise 
property, that is, 0.6 dB. 

[0158] The maximum value of each of the 10 samples 
varied between 2.5 and 4 dB, and the mean value was 
3.2 dB. Nine of the ten samples, however, had the max- 
imum value at different frequencies that were lower than 
fg that was a frequency having the maximum anisotropy 
value according to the error diffusion method, and the 
largest of these maximum values reached 5.4 dB. Arti- 
facts, however, were not sensed. 
[0159] The reason will be shown below. According to 
the error diffusion method, the 10 samples all have dif- 
ferent dot patterns. Besides, for example, the spectrum 
having a maximum value of 5.4 dB belongs to one par- 
ticular sample and is in a frequency band lower than the 
principle frequency fg, and in the power spectrum, these 
frequencies have no peak. This means that a very small 
number of dots are related to anisotropy, preventing ar- 
tifacts from being doubly sensed. Consequently, for the 
maximum value of each pattern, only the f requency hav- 
ing the maximum value according to the error diffusion 
method must be noted. 

[0160] Despite numerically equivalent anisotropy, the 
mask method is more anisotropic because it allows ar- 
tifacts to be visually sensed more easily. This is because 
the mask method repeats the same dot pattern corre- 
sponding to one mask, resulting in a more significantly 
biased dot distribution. The significance of the bias of 
the dot distribution increases with decreasing size of the 
mask. As a result, even if the dot pattern corresponding 
to one mask exhibits anisotropy numerically equivalent 
to that in the error diffusion method, the mask method 
provides stronger non-blue-noise properties including 
the above visual properties, and the level of these prop- 
erties increases with decreasing mask size. 
[0161] In addition, in relation to the visual character- 
istics, a higher resolution printer generates a more dis- 
tinct artifact even if the size of a mask is the same. 
[0162] Returning to the previous subject, even in the 



mask method, the non-blue noise can be unexceptkxv 
ally determined only from the maximum and mean val- 
ues of anisotropy. Since the maximum value, which cor- 
responds to 0 dB according to the error diffusion meth- 

5 od, falls wtthln the range ol 5 dB+1 dB = 4 dB - 6 dB 
according to the mask method, a maximum value of 4 
dB or more can be determined to indicate the non-btue- 
noise property. Since, however, the largest of the max- 
imum values of the respective patterns is 4 dB at g = 1/8 

10 that is the number of gray levels according to Jarvis et 
al. t a pattern that inherently exhibits the blue-noise prop- 
erty meets the requirements for the non-blue noise if on- 
ly the maximum values are taken into account. To ex- 
clude such examples, a condition for the mean anlsol- 

15 ropy value must be set in addition to the condition that 
the maximum value is 4 dB or more, preferably 5 dB or 
more. 

[01 63] With respect to the mean anisotropy value, the 
lower limit value of 0.6 dB for each sample indicating the 

so non-blue-noise property was in fact higher than the up- 
per limit value for a sample for the error diffusion method 
indicating the limit for the blue noise property. Thus, to 
make reliable determinations, the lower Omit musToe set 
higher than the upper limit of 0.9 dB. Thus, in a dot pat- 

*5 tern according to the error diffusion method having a 
maximum anisotropy value of 3 dB and a mean anisot- 
ropy value of almost -5.5 dB, the mean value of each 
sample was examined to find that the lower limit was 1 .2 
dB. Thus, this value is defined as the lower limit of the 

30 mean anisotropy value for a dot pattern exhfaiting the 
non-blue-noise property. The mean anisotropy value of 
-5.5 dB corresponds to the mean value at g = 7/8 ac- 
cording to Floyd and Steinberg's error diffusion method 
which value indicates the non-blue-noise property be- 

35 cause at this value, artifacts, insignificant as they are, 
are observed though the maximum value is less than 0 
dB. 

[01 64] In this manner, even in the mask method, a dot 
pattern can be determined to have the non -blue-noise 

40 property based on only the two values of anisotropy. In 
this case, according to the error diffusion method, when 
the reference isotropy value was 0 dB, the maximum 
value was 10 dB or more and the mean value was 3 dB 
odd or more. According to the mask method, however, 

4fi the maximum value must be 4 dB or more, preferably, 
5 dB or more, and the mean value must be 1 .2 dB or 
more. Of the three properties of the blue noise defined 
for the error diffusion method by Ultchney, property (1) . 
_very low anisotropy_ must use the above two values 

50 as references. 

[01 65] In either half tone processing method, accord- 
ing to the blue-noise property defined by Ulichney, 
whether a dot pattern has the blue-noise property can- 
not be determined I ram only one of the spectra, that is, 

ss either the anisotropy or power spectrum. An actual ex- 
ample is shown below in which despite a relatively good 
blue-noise power spectrum shown by each sample, the 
maximum anisotropy value for the error diffusion meth- 
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od exhibits the non-btue-noise property. 
[0166] The maximum anisotropy value at g = 1/16 ac- 
cording to Jarvis et al.'s error diffusion method is about 
1 dB, exhibiting the non-blue noise. In this case, artifacts 
are present in the dot pattern due to the directional hys- 
teresis. When the power spectrum of each pattern was 
calculated, 2 of the 10 samples exhibited a relatively 
good blue-noise power 6pectrum. This evidently indi- 
cates that even with the mask method, whether the dot 
pattern is the blue noise cannot be defined using only 
the properties of the power spectrum. 
[01 67] In the perturbed error diffusion method indicat- 
ing the blue-noise properties, three of six gray levels are 
isotropic, and two gray levels indicate the difference of 
1 dB or lower than a reference value of the mean value, 
or approximately 1.5 dB at the highest anisotropic gray 
level. Therefore, in the mask method, if a mean value of 
anisotropy is less than 0.8 dB, then it is assumed to have 
the same blue-noise properties as the perturbed error 
diffusion method. 

[0168] In all the inventions relating to the blue-noise 
mask method (Japanese Patent Publication No. 
2622429. USP 5,111,310, USP 5,323,247, USP 
5,341,228, USP 5,477,305, and USP 5,543.941), the 
blue -noise mask patterns produced by the patented 
method are more isotropic than those produced by the 
perturbed error diffusion method by Uiichney. We first 
evaluate spectral characteristics of individual dot pat- 
terns generated by a piece of individual masks and, 
then, of individual dot patterns produced in the square 
of 256 X 256 pixels for three types of blue-noise masks, 
which is the standard size when Uiichney evaluated 
spectral characteristics of dot patterns generated by 
various error diffusion methods. 
[01 69] Fig. 74 shows a one-dimensional power spec- 
trum of a dot pattern at the 32nd gray level for one piece 
of 128 X 126 blue-noise mask. Fig. 75 shows the ani- 
sotropy 

[0170] Since the above power spectrum shows a little 
of low -frequency components, together with substantial 
flat blue*noise region, and the average anisotropy indi- 
cating 0 dB. However, inspecting anisotropy at individ- 
ual frequencies, trembling around 0 dB is observed to- 
gether with the maximum amplitude of 4 dB. This meas- 
ure itself is more anisotropy than that of the perturbed 
error diffusion method by Uiichney. Although similar an- 
isotropic property is obtained at other various gray lev- 
els, anisotropy of mask patterns produced by a piece of 
the 128 X 1 28 blue-noise mask are more isotropic than 
dot patterns produced by the perturbed error diffusion 
method in the sense of the average anisotropy. 
[0171] Fig. 76 shows the one-dimentional power 
spectrum on the dol pattern at 32nd gray level produced 
by the above 1 28 X 1 2B blue-noise mask in the output- 
image size of 256 X 256 pixels, and Fig. 77 shows an- 
isotropy on the pattern. In these figures, characteristics 
concerning the 256 X 256 blue-noise mask pattern are 
indicated by broken lines for comparison. First, broken 



lines show the superior blue-noise properties and, es- 
pecially, the anisotropy measure is within the range of 
0±1 .5 dB, and similar characteristics are shown in the 
other gray levels. Hence, we can say that the 256 X 256 

s blue-noise mask produces superior mask patterns that 
are more isotropic than dot patterns produced by Ul- 
ichney's perturbed error diffusion method. 
[0172] With respect to the one-dimentional power 
spectrum of the above dot pattern produced by using 

10 the 128 x 128 blue-noise mask, many isolated spec- 
trums with sharp peaks are seen being superposed on 
the noise component and, at especially high frequency 
range, isolated spectrums are prominent. There are a 
plurality of spectra having a mean anisotropy value of 

is about 9 dBand a maximum anisotropy value higherthan 
10 dB. Taking into consideration that all the spectrums 
on a dot pattern produced by dispersed-dot dithering 
method indicate over 10 dB, this dot pattern in the out- 
put-image size of 256 X 256 pixels indicates very high 

20 anisotropy This dot pattern clearly does not possess 
property of the blue-noise properties. 
[0173] Since the average anisotropy measure oj) the 
mask pattern produced by a piece of the 1 28 X 1 28 blue- 
noise mask indicates 0 dB, we can say that this mask 

25 pattern substantially possesses the blue-notse proper- 
ties. However, as a conclusion, the dot pattern generat- 
ed on the 256 X 256 screen does not possess the blue- 
noise properties. 

[0174] Fig. 76 shows the one-dimensional power 
30 spectrum on the dot pattern at the 32nd gray level pro- 
duced by a piece of 64 X 64 blue-noise mask. Fig. 79 
shows the anisotropy. 

[0175] Fig. 80 shows the one-dimensional power 
spectrum on the dot pattern at the 32nd gray level pro- 

55 duced by a piece of 64 x 64 blue-noise mask on the 
256 X 256 screen. Fig. 81 shows the anisotropy. The 
value of the 256 X 256 blue-noise mask is indicated by 
broken lines. The characteristics at other gray levels are 
similar to the characteristics shown in the figures. 

40 [0176] In Figs. 78 and 79, since the dot pattern from 
one piece of 64 X 64 blue-noise mask has a mean value 
of 0 dB of anisotropy, it can be assumed to have the 
blue-noise properties. However, since its anisotropy re- 
fers to a plurality of spectra having a maximum value of 

45 4 dB, the smaller the mask, the larger the bias of a dot 
pattern in the blue-noise mask method. 
[0177] In Fig. 30, a dot pattern generated using the 
mask on the 256 x 256 screen indicates a mean value 
of anisotropy as high as 1 4 dB, thereby having no blue- 

50 noise properties. 

[0178] Btue-noise properties are definedby Uiichney 
inherently for evaluating spectral characteristics of dot 
patterns produced by various error diffusion methods in 
the standard output-image size of 256 X 256 pixels. In 

55 blue -noise masks with the size of 64 X 64 elements and 
128 X 1 23 elements, although individual mask patterns 
indicate blue-noise properties, dot patterns produced in 
the above standard output-image size do not have all 
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the blue-noise properties. In this way, unlike the descrip- 
tions of the specifications (USP 5,1 11 ,310, etc.) thai the 
pattern is more isotropic than that obtained by the per- 
turbed error diffusion method by Ulichney. The above 
two different experimental results, i.e., the visual esti- s 
mation and the spectral evaluation ol the dot patterns 
are -compared. 

[0179] Of the different three sizes of blue-noise 
masks, in the case of masks with the size smaller than 
256 X 256 elements : even tl isotropy of each mask pat- io 
tern itself is better than that of the perturbed error diffu- 
sion method, dot patterns individually produced in the 
standard output-image size of 256 x 256 pixels are far 
from blue-noise properties, visually resulting in conspic- 
uous periodic artifacts consisting of repetition of the 15 
same irregular density patterns each corresponding to 
the mask pattern. Accordingly, a visually pleasing blue- 
noise mask pattern is obtainable at any gray level only 
by using the 256 X 256 blue-noise mask , which pro- 
duced dol patterns more isotropic than those produced so 
by the perturbed error diffusion method. 
[0180] As described above, although the anisotropy 
of a piece of mask is defined as a mean value for use 
in determining anisotropy, a slightest bias of the dot dis- 
tribution, that is, the uneven density, repeatedly appears & 
at a visually sensitive frequency in the mask method as 
pattern gets smaller, unlike the error diffusion method in 
principle, in which the same pattern is repeated. As a 
result, the pattern is visually perceived as artifacts. 
[0181] Fig. 68 showing the logic scheme about the 30 
blue-noise properties implies that "a dot pattern is not 
visually pleasing unless it possesses the blue-noise 
spectrum in contraposition." That is, since (he blue- 
noise mask method fundamentally follows the logic 
scheme shown in Fig. 68, the implication is correct when 35 
the mask is considerably smaller than the 256 X 256 
reference screen. 

[0182] As a result of the above-described investiga- 
tion, to solve the problem of the inconsistency in princi- 
ple about the periodicity when the blue-noise properties *o 
defined in the error diffusion method is realized by the 
blue-noise mask method, it clearly proves that a more 
flexible large mask should be used to obtain isotropy at 
least better than that by the perturbed error diffusion 
method. Since the mask size h the dispersed-dot dith- 46 
ering method is 16 x 16 = 256, a practical blue-noise 
mask size of 256 X 256 with a 600 dpi printer is 256 
times as large as that. 

[01 83] The anisotropy of the dot pattern of the 256 X 
256 screen size generated by a 256 X 256 blue-noise so 
mask outputs a result better than that by the perturbed 
error diffusion method. However, rf the anisotropy of a 
dot pattern is evaluated using a larger, tor example, 512 
X 512 screen, it logically indicates a value over 10 dB 
and has no blue-noise properties. Nevertheless, no ar- ss 
tifacts are perceived . and it appears as if the logic 
scheme of the blue-noise properties shown in Fig. 68 
were not followed. 
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[0184] In this case, it is necessary to suggest that, in 
the logic scheme shown in Fig. 68, a dot pattern is de- 
fined lor the error diffusion method having no periodicity 
as the mask method has, and that the 256 X 256 screen 
is determined for use In evaluating the frequency char- 
acteristic. That is, it should be assumed that, in the logic 
scheme shown in Fig. 68, when it is applied to the mask 
method, a spectrum is evaluated with a dot pattern on 
the 256 X 256 screen, and if anisotropy and uniformity 
is better than in the perturbed error diffusion method, 
then it is not visually perceived even if it is repeated for 
a long but not visually sensilive periodicity without dis- 
continuity. 

[0185] On the other hand, a dot pattern having high 
anisotropy than that by the perturbed error diffusion 
method, that is, having a bias in the dot distribution, can 
be perceived as artifacts if the bias is distributed at vis- 
ually sensitive intervals. The experiment with a 600 dpi 
printer has just proved the fact. 
[0186] In another disclosed method (USP 5,477,305) 
of generating blue-noise mask, for example, it is de- 
scribed that a 256 X 256 mask is necessary for a 256 
gray scales to be capable of freely changing the~accu- 
mulative distribution function and mapping non-linearity 
of input/output characteristics. On the other hand, as de- 
scribed above, the invention of the blue-noise mask 
method realizes a blue-noise mask pattern more iso- 
tropic than that by the perturbed error diffusion method 
shown by Ulichney. However, according to the result of 
the above -described experiments^ large mask of 256 
X 256 is required to obtain such blue-noise mask pat- 
terns with a 600 dpi printer which is higher in resolution 
than the maximum 500 dpi of the average according to 
the invention in that method. 

[0187] In addition, it is not true that the 256 X 256 
blue-noise mask can be practically used with a 1 ,200 
dpi printer only because that it can be practically used 
with a 600 dpi printer. Actually, a super resolution laser 
printer (of symbolic Sciences International Inc.) is used 
to test it. The resolution is set to two levels, that is, 1 01 6 
dpi and 2032 dpi. The size of the 256 X 256 blue-noise 
mask on the screen is 6.4 mm square for the resolution 
of 1016 dpi; and 3.2 mm square for the resolution of 
2032 dpi. In the experiment for the resolution of 1016 
dpi, strong graininess is obtained at a gray level lower 
than the 1 20th gray level. On the other hand, at a reso- 
lution higher than 160th gray level, the periodicity cor r 
responding to the size of a mask can be perceived with 
low contract, though. At the resolution of 2,032 dpi, the 
obtained graininess is lower than in the experiment for 
the resolution of 1016 dpi, but the periodicity corre- 
sponding to the size of a high contrast mask can be per- 
ceived at a gray level higher than the 160th gray level. 
Thus, with a high resolution printer ol approximately 
1200 dpi or higher, the size of a blue-noise mask to ob- 
tain a pleasing visual characteristic should be larger 
than 256 X 256. 

[0188] On the other hand, a mask size in the dis- 
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persed-dot dithering method is fundamentally inde- 
pendent of the resolution of a printer, and the higher the 
resolution printer test gets, the better the visual charac- 
teristics is obtained 

[0189] Next, the unavenness in the dot distribution, 
which is the unique problem with the blue-noise mask 
method, is compared with that by the dispersed-dot dith- 
ering method. 

[0190] When a printer with 600 dpi resolution is used, 
the mask size in the 256 gray scale dispersed-dot dith- 
ering method is 0.68 mm. As long as a step gray scale 
is output, the uniformity ol a dot pattern is naturally bet- 
ter than that in the dispersed-dot dithering method be- 
cause its regularity is superior to that of the blue-noise 
mask method. When a natural image taken by a digital 
camera using a CCD sensor of about 580,000 pixels is 
used as an input image, and unless the screen contains 
a periodic pattern of about 0.66 mm having the contrast 
or below as converted on the screen, then no moire is 
generated or the difference in the quality of an output 
image between the blue-noise mask method and the 
dispersed-dot dithering method is hardly perceived 
However, in the gray scale, the odd number gray level 
up to the 50th level clearly indicates a dot pattern of 0.68 
mm periodicity as a mask size. 
[01 91 ] With a printer of the resolution of 1 200 dpi, the 
visual uniformity in the dispersed-dot dithering method 
is furthermore improved, and ihe dot pattern of the pe- 
riodicity of 0.34 mm which is the mask size is hardly per- 
ceivable at a low gray level with the effect of smaller 
dots. Therefore, if an image taken by a digital camera 
using a CCD image sensor of about 350,000 pixels per 
1/3 inch in the VGA system (640 pixels X 480 pixels) is 
output using a 1200 dpi printer in a card size (8 cm X 
12.5 cm), then the dispersed-dot dithering method is a 
sufficiently practical method. 

[0192] Since a pattern having the local periodicity of 
about 0.34 mm which may cause moire on the screen 
is a periodic pattern of about 17 um on the sensor, and 
is lower than 20 jam which is the maximum resolution of 
the sensor, even a pattern having the periodicity around 
the input image cannot be resolved with sufficient con- 
tract, thereby suppressing perceivable moire. Practical- 
ly, an image sensor has a complementary or primary 
color fitter, and is normally provided with a low-pass fitter 
to prevent moire from being generated between the pe- 
riodic patterns of an image. Therefore, the resolution is 
furthermore reduced down to the 70 or 80 percent of the 
maximum resolution, (hat is, about 25 to 29 \xm, thereby 
also reducing the contrast. 

[0193] In this case, the size of a mask by the dis- 
persed-dot dithering method is 1/256 or less of the size 
of the mask in the blue-noise mask method. Therefore, 
it is costly to require a small ROM capacity for storage 
of a threshold of a mask in the direct print system for 
out putting an image stored in the digital camera directly 
on a printer without a computer 
[0194] Recently, a digital camera comprising a 1/2 
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inch CCD image sensor of 1 ,300,000 pixels has been 
marketed by numbers of manufacturers at price, of 
100,000 yen or less. Such digital cameras can clearly 
store even fine stripes on clothes. . 

s [0195] Therefore, when such an input image is bina- 
rised and output with a 1200 dpi printer and by the dis- 
persed-dot dithering method, moire can be appeared as 
artifacts. In such a digital image system, the blue-noise 
mask method in which the mask is large and does hot 

10 have periodicity is advantageous in that it can generally 
prevent moire. However : when an input image such as 
a CG image, etc. which has not a fine periodicity pattern 
is normally better with the dispersed-dot dithering meth- 
od from the point of eveness. 

J5 [0196] When only natural images are taken, the de- 
tailed comparison proves that the quality of an image by 
the error diffusion method with a 600 dpi printer is better 
than that by the blue-noise mask method except the 
problem with a processing time. However, with a 1200 

20 dpi printer there is little difference between the blue- 
noise mask method and the error diffusion method, and 
the blue-noise mask method excels in the processing 
speed. 

[0197] As described above, the resolution of a printer 

25 as an output device used in the latest consumer digital 
image processing system is outstandingly improved 
compared with that in 8 years ago when the blue-noise 
mask method was invented. That is, the resolution is 
normally 600 dpi through 700 dip at minimum, and 1 ,200 

30 dpi at maximum. In addition, a digital camera which did 
not exist then as an image input device can be classified 
into two classes, that is, a high class and a low class. 
[0198] Thus, under the conditions that there have 
been various systems, it is certain that the blue-noise 

35 mask method cannot be the optimum solution to all sys- 
tems as a gray scale processing method. That is, al- 
though the difference from other methods has been re- 
duced these days, the error diffusion method still excels 
in the quality of an image in the resolution about 600 dpi, 

40 and the dispersed-dot dithering method excels in the 
quality of an image in the resolution about 1200 dpi. 
[0199] Therefore, when a future system is taken into 
account base on an output device with the resolution 
about 600 dpi or more, the optimum solution does not, 

4G naturally, depend on each system, but makes the most 
of the dispersed-dot dithering method in which a high 
speed process can be performed with a small mask and 
excellent uniformity, and the blue-noise mask method in 
which no artifacts are generated with a small mask and 

so desirable periodicity. The present embodiment aims at 
providing such a method. 

[0200] An important element to be considered in de- 
signing the above-described ideal mask method is the 
characteristic of aperiodic pattern, that is, a spatial fre- 
55 quency and contrast, contained in a stored natural im- 
age when a natural image is an input image. Specifically, 
the characteristics of eyes viewing an output image pro- 
vided through a gray scale process, that is, the frequen- 
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cy response of the eyes, should be considered. As de- 
scribed above, it is necessary to carefully consider that 
the sensitivity of eyes is hipji to the periodic pattern from 
1 mm to several mm. However, the periodic patterns 
change their shading tn the format of a sine function, 
and have the contrast of 1 . 

[0201 ] The parameters on the system side directly as- 
sociated with the above-described elements are shown 
betow using a printer as an example. They can be the 
following four parameters as indicated by the results of 
the above-described investigation. 

(1) pixel rate of a printer (dpi) 

(2) screen size of an output image 

(3) mask size 

(4) number of gray levels 

[0202] The main range of the above-described pa- 
rameters to be considered at present when anew mask 
method is developed is described as follows. 

(1) 600 dpi through 1200 dpi pixel rate of a printer 

(2) size of a name card through A4 size 

(3) 128 X 128 or smaller (256 gray scales, 1/4 or 
smaller of the optimum size of the blue-noise mask 
with a 600 dpi printer 

(4) 256 or more 

[0203] The reason for the 1/4 size or smaller of the 
optimum si7e is to reduce the cost for the direct print 
system. 

[0204] The dot patterns by the blue-noise mask meth- 
od and the dispersed-dot dithering method are quite dif- 
ferent. That is, they are random properties (isotropy in 
spectrum domain) and regular properties (anisotropy in 
spectrum domain) respectively except common charac- 
teristics of few tow frequency elements. 
[0205] An example of the regularity introduced to the 
blue-noise mask method is a method of adopting a 
checker board pattern similar to the 128th gray level of 
the dispersed-dot dithering method at Ihe 128th gray 
level of the blue -noise mask method so that the problem 
of the dot gain can be solved (M. Yao and K. J. Parker, 
Proc. SPIE, vol. 2411, pp. 221-225, 1995). To solve the 
problem of the dot gain, adjacent 2X2-4 pixels should 
be pixels of a square at the 128th gray level. A dot pat- 
tern generated with the check mask is a two-dimension- 
al periodic pattern which has the highest contrast at the 
128th gray level. Therefore, if an input image contains 
a pattern with high contrast periodicity close to the pe- 
riodicity of the input image, it is predicted thai moire will 
appear as artifacts. Actually, an object having a perio- 
dicity pattern is captured by a digital camera of 580,000 
pixels, processed in gray scales using a 256 X 256 
check mask, and output on a 600 dpi printer as an image 
of 1/2 size of a name card, and aG a result clearly shows 
moire as artifacts. The quality of the image output using 
the mask is apparently worse than the quality of the tm- 
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age by the blue-noise mask method or the dispersed- 
dot dithering method. 

[0206] The similar experiment is conducted on the 
128th gray level of the check mask using the same 

s checker board pattern as the 1 28th gray level in the dis- 
persed-dot dithering method. 
[0207] When a moire check pattern having fine peri- 
odicity is used as an input image, processed with the 
check mask, and output in a cabinet size on a 600 dpi 

10 printer, the output image indicates low contrast, but clear 
moire as artifacts. The total quality of the image excels 
that by the dispersed-dot dithering method, but when it 
is compared with the quality ol the image by the btue- 
notse mask method, It is Inferior in that there Is the pos- 
sibiltty of moire. 

[0208] The anisotropy of a dot pattern processed us- 
ing these two types of 256 X 256 check masks has a 
very high maximum value over a wide range of gray lev- 
els around the 1 28-th level including relatively low and 

£0 high gray levels. Even in this case, the mean anisotropy 
value is low, almost 0 dB. Relating these two types of 
check masks, gray scales are generated to be variable 
in steps of gray levels with three sizes of 256 X 25dr 
128 X 128, and 64 X 64. Any of the check masks indi- 
es cates low uniformity in the dot distribution at low gray 
levels as in the normal blue-noise mask method. Arti- 
facts from repetitive dot patterns corresponding to the 
size of a mask are perceivable on the gray scales with 
the 128 X 128 and 64 X 64 check masks as shown in 

30 Figs. 72 and 73. 

[0209] The logic scheme of the blue-noise properties 
shown in Fig. 68 indicates that .the periodicity should be 
removed as much as possible to obtain a visually pleas- 
ing image. Therefore, the experiment obtained using the 

35 above-described check mask proves that simply intro- 
ducing the periodicity (anisotropy) to the scheme invites 
the deterioration of the quality of an image in principle. 
[0210] The attempt to implement the irregularity in the 
regular ordered dithering method has been mads in the 

40 clustered-dot dithering method. Allebach and Liu (J. 
Opt. Soc. Am., vol. 66, No. 9, p. 909 (1976)) introduced 
the pseudo-periodicity at the center of each dot (corre- 
sponding to a duster of dots in the clustered-dot dither- 
ing method) to avoid the generation of moire on the 

46 screen. Fig. 82 shows the outline of the pattern on the 
screen. In Fig. 82, a section containing a dot is called a 
cell, and nine cells are called a block. The central posi- 
tion of the dot with a shift from the normal position is 
limited to inside each cell including the boundary. There- 

so fore, the irregularity includes certain regularity. 

[0211] When the number of gray levels is 256, the dot 
patterns at the first and 255th gray levels can be set to 
have blue-noise properties. However, since the charac- 
teristic of the clustered-dot dithering method that the 

55 higher the gray level gets, the larger the cluster of dots 
gets remains unchanged, it is not applicable to a printer 
having the current resolution. In addition, to realize a 
mask having the blue-noise properties at the first gray 
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therefore, contributes to maintain the uniformity ot dot 
distribution or, in other words, dot density per unit area 
of a 16 x 16 pixel square irrespective of a gray level. 
The shape of the mask is not always limited to a square. 
[0229] Fig. 3 shows a portion of the dot pattern at the 5 
third gray level. Fig. 4 shows a portion at the fourth gray 
level in the dispersed-dot dithering method. 
[0230] In these figures, blocks each having fi X 8 pix- 
els divided by broken lines are denoted as partial ele- 
mentary pixel-blocks in the property (4). In the dis- io 
persed-dot dithering method as shown in Fig. 4, a new 
dot is placed at a certain pixel within a 16 x 16 pixel 
block every time when a gray level raises a step. Name- 
ly, the first dot at the first gray level is dotted at pixel 1 
within the upper left partial elementary pixel-clock. The is 
second dot at the second gray level is dotted at pixel 2 
. within the lower right partial elementary pixel-clock. The 
third dot at the third gray level is dotted at pixel 3 within 
the upper right partial elementary pixel -clock. The fourth 
dot at the fourth gray level is dotted at pixel 4 within the so 
lower left partial elementary pixel-clock. Then, the loca- 
tion of the fifth dot for the fifth gray level returns within 
the upper left partial elementary pixel-block again. Thus, 
the order ol placing dots in each 8X8 partial elementary 
pixel-block is determined in advance for 4 gray levels as & 
one period. ' 

[0231] In this way, the number of dots in each partial 
block of 8 x 8 pixels becomes the same at every 4n gray 
level in this dithering method. Thus, each position of the 
dot placed at and after the second gray level is different 30 
from that in the dispersed-dot dithering method : but the 
property (4) according to the present embodiment about 
the number of placed dots is the same as the property 
of the dispersed-dot dithering method. 
[0232] The properties (3) and (4) are, as in the dis- 35 
persed-dot dithering method, to improve the uniformity 
of the dot distribution. As described later, the algorithm 
for determining the position of each dot according to the 
present embodiment has the effect (to improve the uni- 
formity of the dot distribution) of setting the distance be- 40 
tween dots to reach a predetermined value depending 
on the gray level. These two properties have the function 
of furthermore improving the uniformity with the above - 
described effect. 

[0233] The property (1 ) and its effects based on Fig. 4S 
4 is explained below. Assume that a unit mask has a 
square shape-which consists of 4 x 4 = 16 elementary 
masks, each having 16 X 16 thresholds. Provided that 
Fig. 4 shows a part of the unit mask pattern, property 
(1 ) means that individual dot patterns in elementary pix- so 
el-blocks 5, 6, and 7 colored gray like a checkerboard 
and the same at any gray level. As shown in Fig. 4, in 
the dot pattern in dispersed-dot method the dot patterns 
of one square shape are regularly arranged, and since 
individual dot patterns in every 16X16 pixel block are £5 
the same at any block are the same at any gray level in 
dispersed-dot dithering method, this property (1) partly 
succeeds the above periodic property of dot pattern in 



the dithering method in the sense that the same dot pat- 
terns each within 16 x 16 pixel block repeatedly lay 
down two-dimensionally, although periods are longer. 
[0234] Assuming that this periodic property (1 ) refers 
to the periodicity of the mask itself, the arrangement of 
each dot in the dispersed-dot dithering method is peri- 
odic ni the mask at and after the second gray level, 
therefore matching the property of the mask in the dis- 
persed-dot dithering method. 

[0235] This property (1 ) has two effects. One is mem- 
ory-size saving for masks and another is giving anisot- 
ropy to every dot pattern at any gray level. In the case 
of a 64 X 64 unil mask, the memory size must be suffi- 
cient to store 64 x 64 = 4096 thresholds. However, pro- 
vided that 8 elementary masks have the same threshold 
matrices, essential thresholds which must be stored can 
be reduced to (1 6 x 1 6) x (8 + 1 ) = 2304, resulting about 
a half of 4096 with the use of an appropriate readout 
methods. 

[0236] Assuming that the periodicity having a scale 
smaller than that of a small mask is defined as local pe- 
riodicity, the property (1) has an effect of introducing the, 
local periodicity. That is, the property like the property 
(1), also introduces anisotropy to a mask itself. There- 
fore, although limited, it is common that the more a larg- 
er number ol sets of element masks having the same 
threshold arrangement, that is, the smaller the memory 
capacity for the mask get, the higher the anisotropy of 
the dot pattern generated by a piece of a mask get. 
[0237] Fig. 5 shows an outline of a flowchart concern- 
ing the algorithm for producing masks. By referring to 
Fig. 5 in steps 1 through 3, the relationships between 
properties are described. That is, the property (1) is im- 
plemented in step S 1 , and the property (2) is implement- 
ed in step S3. 

[0238] Fig. 6 shows an example of implementing 
weak irregularity (perturbation) to the dot pattern at the 
second gray level (step S4). 

[0239] Fig. 6 shows a portion of the dot pattern at the 
second gray level produced by a unit mask in which 4 
x 4 = 16 elementary masks, each of which has 16 x 16 
elements, are arrayed. Elementary masks correspond- 
ing to individual elementary pixel-blocks 5 through 7 
colored gray are already determined in step S1'(Fig. 5) 
so that every elementary pixel-block colored gray has 
entirely the same array of thresholds 1 through 255. The 
gray levels after the second of the remaining elementary 
pixel-blocks 8, 9, 10 mutually forms dependent patterns. 
[0240] In Fig. 6, designating a horizontal row of pixels 
as line i and a vertical one as column j in, for example, 
elementary pixel-block 5, the position of a pixel as (i, j) 
can be expressed. Then, dot 1 at pixel (4, 4) was dotted 
at step S3 for the first gray level in Fig. 5 and, therefore, 
every pixel at {4 : 4) in other elementary pixel-blocks is 
also dotted. This dot pattern coincides with that at the 
first gray level produced by dispersed-dot dithering 
method. 

[0241] In step S4 in Fig. 5, a pseudo-periodic pattern 



20 



39 



EP 0 963 105 A2 



40 



that is added at the second gray level to the periodic 
pattern for the first gray level is explained. 
[0242] In elementary pixel-block 5 shown in Fig. 6, dot 
2 at pixel (12, 12) was dotted at the second gray leveL 
Hence, dots are also positioned at individual pixel at (1 2, 
12) in elementary pixel-blocks 6 and 7, which corre- 
spond to elementary masks having the same threshold 
arrays. Incidentally, the dot pattern consisting of these 
dots is a portion of the dot pattern at the second gray 
level in dispersed-dot dithering method.. 
[0243] Positions for individual pixels dotted at the sec- 
ond gray level in elementary pixel-blocks 8 through 10, 
which correspond to elementary masks whose thresh- 
old arrays are independent of one another, are deter- 
mined as follows. 

[0244] In the above-described individual pixel blocks 
8 through 10, small pixel blocks 11 through 1 3 individu- 
ally consisting of 7 X 7 = 49 pixels, each center of which 
is located at (12, 12) in these blocks 8 through 10, are 
provided. The reason for transferring each dot position 
(1,1) for the first gray level to (4, 4) in individual pixel 
blocks is to make each small pixel block be included in 
individual 8 x~8 partial pixel block at lower right in each 
elementary pixel-block. Then, randomly selecting a pix- 
el in each small pixel block, a dot is positioned there. 
[0245] In this way, the above dots at the second gray 
level constitute a dot pattern having weak irregularity in- 
troduced to that at the second gray level in the dis- 
persed-dot dithering method. Since the weakly irregular 
dot pattern added at the second gray level has the same 
basic period as that for the dot pattern at the first gray 
level, the pattern represents a pseudo-periodic pattern. 
In the above-described process in step S4, the degree 
of irregularity to be introduced can be made weaker by 
making the size of individual small pixel blocks 11 
through 13 be smaller like 5X5 pixel blocks or 3 X 3 
pixel blocks. Hence, the framework of individual dot pat- 
terns at gray levels above the second gray level is ba- 
sically determined by this weak irregularity introduced 
at the second gray level. The weak irregularity thus in- 
troduced, together with algorithm producing individual 
dot patterns with gray levels above the second gray lev- 
el, brings about the effect of almost eliminating the de- 
fect in the dispersed-dot dithering method that periodic 
artifacts tend to appear. 

[0246] The process of generating a dot pattern at and 
after the third gray level in step S5 shown in Fig. 5 is 
explained by referring to Figs. 7 though 9. 
[0247] The algorithm which determines individual po- 
sitions for newly dotting at every gray level above the 
second one is basically similar to an algorithm to deter- 
mine a dot pattern for the third gray leveL According to 
the algorithm, giving a certain repulsive potential P(r) 
shown in Fig. 7 to all pixels already dotted and, super- 
posing them, an overall potential distribution is obtained. 
Then, fundamentally, dotting at a single pixel where the 
overall potential takes the minimum value in each 16 x 
1 6 elementary pixel-block, a dot pattern for the third gray 



level is obtained. 

[0248] As for elementary pixel-blocks subject to prop- 
erty (1), if a pixel to be dotted is determined first with 
respect to, for example, elementary pixel-block 5, each 
5 position of a pixel to be dotted In Individual elementary 
pixel-blocks 6 and 7 is automatically determined without 
any calculation at the same position corresponding to 
the position of the pixel dotted in elementary pixel-block 
5. 

io [0249] Since the number of pixels dotted in each ele- 
mentary pixel-block up to the second gray level is, as 
shown in Fig. 6, two, satisfying property (3), this property 
is necessarily satisfied at every gray level above the 
second one, provided that positions of pixel newly dol- 

is ted are determined according to the algorithm shown 
above. 

[0250] The repulsive potential is usually used in solid 
state physics (C. Kittel, Introduction to Solid State Phys- 
ic, 6th ed. (John Wisley & Sons, 1986) Let \ and p be 
so parameters. Denoting a three-dimensional distance 
from the center of the potential as r, its mathematical 
form is given by 



es 



P(r)=X3' r/p 

[0251] Then, in our case, the repulsive potential can 
be defined for two-dimensional distance r as 



P(r) = e' 



(2) 



where, let the range of gray level number g be 1 
*g*256. 



(3) 



40 p being some constant. Here, V256/g corresponds 

to a length (distance) to which an average of the dis- 
tance between arbitrary two neighboring dots should be 
proportional, assuming that every dot distributes uni- 
formly at the relevant gray level g. In this case, since the 

45 higher the gray level gets, the higher the dot density gets 
and, also, the larger gets the a, the repulsive potential 
represents a function rapidly decreasing with respect to 
r. For dissolving gray level dependence of the potential, 
il is enough to set g = 256 in equation (3). 

50 [0252] In Fig. 7, when the origin of orthogonal axes 
are fixed at the center of a dot to which the repulsive 
potential is given, the lateral coordinate axis is denoted 
as the x axis and the vertical coordinate axis is denoted 
as the y axis. Then, r max is the distance beyond which 

55 the potential becomes zero. The unit of distance is the 
distance between neighboring pixels, that is, the length 
of a side s of each square pixel. 
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[0253] Fig. 8 shows an example of repulsive poten- 
tials with gray level dependence. In this potential, P = 
0.4, and r,^ = I28(s). As clear in this figure, the larger 
the number of a gray level gets and the higher the den- 
sity of dots gets, the more rapid decrease the individual 
repulsive potential reduces rapidly. 
[0254] The method of producing individual dot pat- 
terns after the third gray level by applying the above po- 
tential is explained by referring to Fig. 9. 
[0255] In Fig. 9, for simplifying our explanation, let a 
unit mask be small size of 32 x 32 elements. Then, this 
mask corresponds in the output-image domain to a unit 
pixel block 18 of 32 X 32 pixels consisting of four ele- 
mentary pixel-blocks 14 through 17 each with the size 
of 16 X 16 pixels. Here, elementary pixel-blocks 1 4 and 

17 colored gray are a pair of elementary pixel-blocks 
having the same dot patterns at all gray levels in accord- 
ance with periodic property (1). Further, the way to re- 
peatedly array the unit mask on an input image corre- 
sponds to repeatedly lay down unit pixel block 16 over 
an output-image plane along the both directions of the 
X axis and the y axis. 

[0256] In unit pixel block 16, dots 23 through 26 for 
the first gray level, following periodic property (2) and 
four dots for the second gray level are already posi- 
tioned within each elementary pixel-block. 
[0257] At this stage, two partial elementary pixel- 
blocks each with 8X8 pixels in which a dot is already 
positioned is stored so as not to be newly dotted before 
the dot pattern at the fourth gray level is to be completed. 
This control is provided for realizing periodic property 
(4). 

[0258] The maximum radius r max is, for simplicity, as- 
sumed to be 1 3s. The method of giving this potential for 
the third gray level to dot 23 positioned in elementary 
pixel-block 15 for the first gray level is explained below. 
[0259] An arc edge of a portion of the above potential 
covering inside unit pixel block 16 is indicated by solid 
line 27. Another portion of the potential outside the left 
side boundary of block 18, whose arc edge is denoted 
by single-point chain line 28, is transferred inside block 

18 parallel to the X axis toward the right side boundary, 
maintaining its shape. This transferred portion is equiv- 
alent to portion of another potential inside block 18 cov- 
ered by the potential which is given to dot 31 for the first 
gray level, whose arc edge inside block 18 ts denoted 
by the same type of chain line 32. 

[0260] A portion of the above potential outside the up- 
per boundary of block 1 8 whose arc edge is denoted by 
broken line 29 is transferred inside the block parallel to 
the y axis toward the bottom boundary of the block, 
maintaining its shape. This transferred portion is equiv- 
alent to a portion of the other potential inside block 1 8 
covered by the potential which is given to dot 23 for the 
first gray level, whose arc edge inside block 1 8 is denot- 
ed by the same broken line 34. 
[0261] A portion of the above potential inside another 
unit pixel block situated diagonally to upper left of block 



18 whose arc edge is denoted by dotted line 30 is trans- 
ferred inside block 1 8 diagonally to the lower right comer 
of the block, maintaining its shape. This transferred por- 
tion is equivalent to a portion of a potential inside block 

s 18 covered by the potential which is given to dot 35 for 
the first gray level, whose arc edge inside the block is 
indicated by the same dotted line 36. 
[0262] When repulsive potential is given to all the dots 
inside block 18 by the similar way to the above, overall 

to repulsive-potential distribution inside the block 18 is 
constructed as a result of superposing all the repulsive 
potentials. 

[0263] Next, a dot for the third gray level is positioned 
at pixel 37 inside elementary block 18 where the above 
overall potential is minimum. At the same time, another 
dot for the third gray level is automatically dotted at pixel 
38 inside elementary pixel-block 1 7, whose position cor- 
responds to that of pixel 37 inside elementary pixel- 
block 14. Giving repulsive potential for this gray level to 

so these dots 37 and 38 and superposing these potentials 
with the above overall potential, we obtain a new overall 
potential distribution. At this stage, partial elementary 
pixel-blocks in which dots were positioned and elemen- 
tary pixel-blocks including these partial elementary pix- 

25 el-blocks are stored for controlling so as riot to newly 
dot before the dot pattern for the fourth gray level is to 
be completed, realizing periodic properties (3) and (4). 
[0264] With respect to the overall potential distribution 
obtained above, a dot is placed at the pixel where the 

30 potential is minimum within both elementary pixel- 
blocks 15 and 16 and then, giving repulsive potential 
for the third gray level to the dot, a new overall potential 
distribution is obtained. Here, a partial elementary pixel- 
block in which the dot was placed and an elementary 

3S pixel-block including the partial elementary pixel-block 
are stored for controlling so as not to newly dot before 
the dot pattern for the fourth gray level is to be complet- 
ed; realizing periodic properties (3) and (4). 
[0265] At this stage, an elementary pixel-block in 

40 which a dot for the third gray level is not yet placed is 
left only one and, according to our algorithm shown 
above, a dot is placed in the block completing the third 
gray level mask pattern. Then, the partial elementary 
pixel-block in which the dot was placed is stored to con - 
trol so as not to dot in the block before the dot pattern 
at the fourth gray level is to be completed, realizing pe- 
riodic property (4). 

[0266] A dot pattern far the fourth gray level is pro- 
duced as follows. 

50 [0267] At the stage in which the dot pattern for the 
third gray level is accomplished, there remains only one 
partial elementary pixel-block without a dot for the gray 
level in each of four elementary pixel-blocks 14 through 
17. Hence, the first dot for the fourth gray level is to be 

55 dotted at a pixel where the three repulsive potential is 
minimum within the four partial elementary pixel-blocks, 
simultaneously giving repulsive potential for the fourth 
gray level to the pixel to produce a new potential distri- 
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buticn. Here, the partial elementary pixel-block in which 
the dot was placed is stored so as not to dot in the block 
before the dot pattern for the fourth gray level is to be 
completed, realizing property (4). 
[0268] It the partial elementary pixel-block stored as 
above belongs to either of a pair of elementary pixel- 
blocks subject to property (1), a pixel to be dotted within 
another elementary pixel-block is automatically deter- 
mined, resulting a new potential distrbution and partial 
elementary pixel-blocks in which dotting is inhibited be- 
fore the dot pattern for the fourth gray level is to be com- 
pleted. 

[0269] By repeating similar process and placing a dot 
in every elementary pixel-block, the dot pattern for the 
fourth gray level and the distribution of the repulsive po- 
tential are determined. 

[0270] A method of producing dot patterns over the 
fourth gray level is explained. Let n be a positive integer 
and a mask pattern for the 4nth gray level be known. 
First, a dot pattern for 4n + 1st gray level is produced. 
[0271] In the unit pixel block, dotting at a pixel where 
the above overall potential is minimum and simultane- 
ously giving repulsive potential for 4n + 1st gray level to 
the pixel, a new potential distribution is obtained. Fur- 
ther, both a partial elementary pixel-block and an ele- 
mentary pixel-block including the pixel are stored so as 
not to dot in these blocks before a dot pattern at 4n + 
1st gray level is to be completed, maintaining periodic 
properties (3] and (4). 

[0272] If the elementary pixel-block in which a dot was 
placed belongs to either of a pair of elementary pixel- 
blocks which satisfy property (1), a pixel to be dotted 
within another of the pair elementary pixel -blocks is au- 
tomatically determined, resulting a new overall potential 
attribution and partial elementary pixel-blocks in which 
no dot should be placed before the dot pattern for 4n + 
1 st gray level is completed, keeping periodic properties 
(3} and (4). 

[0273] Under the above new potential distribution, a 
dot is placed at a pixel where the potential is minimum 
within partial elementary pixel-blocks and elementary 
pixel-block individually including the partial elementary 
pixel-blocks, simultaneously giving repulsive potential 
for 4n + 1st gray level to the dot. producing a new po- 
tential distribution. Further, both a partial elementary 
pixel-block and an elementary pixel-block including the 
dot are stored so as not to dot in these blocks before a 
dot pattern at 4n + 1 st gray level is to be accomplished, 
according to periodic properties (3) and (4). 
[0274] By repeating the similar process and placing a 
new dot to every four elementary pixel-blocks, the dot 
pattern at 4n + 1 st gray level and the distribution of the 
repulsive potential are determined. 
[0275] Then, by applying the similar procedure shown 
above, in which the dot pattern at the 4n + 1 st gray level 
was accomplished based on the dot pattern for the 4nth 
gray level, dot patterns at the 4n + 2nd, 4n + 3rd, and 4 
(n + 1 )th gray levels and the distribution of the repulsive 
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potential are determined. 

[0276] Finally, after confirming in step S6 that dot pat- 
terns of all gray levels up to 255 gray level are complet- 
ed, aB the thresholds for a mask can be determined by 
s passing control to step S7 In Fig. 5. 

[0277] In the present method, mask patterns are pro- 
duced step by step from the first gray level to the 25lh 
and, therefore, a pixel where a dot is already placed at 
a lower gray level necessarily has the same dot at a 
10 higher gray level. In this procedure in which each mask 
pattern at every gray level is produced step by step, let 
the number of a gray level be n (n max = 256) for an input 
image with each constant gray level and a threshold of 
the mask be m (m^ = 255) which is an integer. TTien, 
is increasing the threshold ol an element one by one from 
1 on the mask, where the element corresponds to the 
pixel in which a dot is already placed in an output image 
at the above each gray level, the dot has been placed 
when 

20 

m = n (4) 

[0278] Since the value of each element is determined 
25 like this, all the threshold are determined and the mask 
is completed. 

[0279] In the case of usual input image, if the gray lev- 
el number of a pixel and a threshold of a corresponding 
element in a mask are in a relation expressed by 

30 

m £ n (5) 

it folbws that a dot is placed at a corresponding 

35 pixel h an output image. 

[0280] In this way, in the present embodiment, each 
mask pattern for individual gray levels Is designed to get 
optimum dot distribution by applying repulsive potentials 
and periodic properties (1) through (4). Hence, dot pal- 

40 terns having extremely superior uniformity are obtained 
in every gray level from the 1st through 255th. Actually, 
as can be confirmed in all embodiments described later 
(not shown in the attached drawings), the larger the 
number of gray levels gets and the number of placed 

46 dots gets, the higher peak value of an isolated spectrum 
at a high frequency area of noise elements in a one- 
dimensional spectrum appear because the number of 
dots forming a set of dots having a predetermined dot 
intervals becomes larger than the number of dots which 

so do not form the set of dots. 

[0281] In the blue-noise mask method, since the op- 
timization of dot distribution is usually carried out at the 
middle gray level, viz., 128th gray level, uniformity of the 
above distribution gets worse as the larger or the smaller 

65 the gray level number get. 

[0282] Although the masks are generated based on 
the procedure explained in Figs. 5 and 8, Ihe method to 
produce the masks can be variously changed mahtain- 
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ing periodic properties (1) through (4). 
[0283] For example, in the above -described method, 
when the dot pattern at the (n + 1)th gray level is gen- 
erated from the dot pattern at the nth gray level, a pixel 
at which a new dot is placed is determined based on the s 
distribution of the repulsive potential. Simultaneously, 
the repulsive potential is assigned to the pixel and the 
distribution o1 the potential is updated. 
[0284] This procedure can be simplified by simultane- 
ously generating the dot pattern at the (n + 1 )th gray to 
level and the distribution of the repulsive potential by 
placing a new dot at the pixel at which the distribution 
of the potential indicates the minimum value inside each 
of the four elementary pixel-blocks when the dot pattern 
at the (n + 1 )th gray level is generated from the dot pat- is 
tern at the nth gray level. In this method, with the higher 
gray level, the difference from the dot pattern in the orig- 
inal method becomes smaller, and there are no funda- 
mental differences in the one-dimensional spatial fre- 
quency characteristics or anisotropy of a dot pattern. *o 
[0285] It is also possible to change periodic property 
(2) alone a tittle. According to property (2), the dot pat- 
tern at the first gray level coincided with that in the dis- 
persed-dot dithering method as shown in Fig. 9. Adding 
weak irregularity (perturbation) to the dot pattern, it is & 
changed to a pseudo-periodic dot pattern. Fig. 1 0 shows 
an example of such the pseudo-periodic dot pattern. 
[0286] As shown in Fig. 10, a unit mask has the size 
of 32 x 32 elements and corresponds in an output im- 
age domain 18 to a unit pixel block ol 32 X 32 pixels 30 
consisting of four elementary pixel-blocks 14 through 
17. each having the size of 16 X 16 pixels. Here, ele- 
mentary pixel-blocks 14 and 17 constitute a pair of 
blocks which have the same dot patterns at every gray 
level in accordance with periodic property (1 ). ss 
[0287] In order to produce a dot pattern at the first gray 
level. 4X4 small pixel blocks 39, 40, 41 , and 42 are 
first set up in the center of individual partial elementary 
pixel-blocks situated upper right within each elementary 
pixel-block. Then, one pixel is randomly selected from to 
1 6 pixels within each small pixel block and, placing a dot 
at the pixel, the dot pattern for the first gray level is ac- 
complished. However, here, the position of the pixel dot- 
ted within individual small pixel blocks 39 and 40 corre- 
sponds to the same positions. In this method too, the 
degree of irregularity can be controlled by changing the 
size of every small pixel block. 
[0288] Then, the way to produce dot patterns above 
the first gray level is divided into two methods. 
[0289] One is that, as shown in Fig. 1 1 , a pseudo-pe- so 
riodic pattern is added at the second gray level accord- 
ing to step S4 in the flowchart in Fig. 5 and s then, pro- 
ducing dot patterns above the second gray level follows 
steps after step S4 in the flowchart. Another is that, as 
shown in Fig. 12, dot patterns above the first gray level 55 
are produced following to steps after step S4. In either 
methods above, although the anisotropy measure and 
power spectrum change at every lower gray levels, the 



one-dimensional spatial frequency characteristics or 
anisotropy of a dot distribution does visually not change 
in these gray levels. 

[0290] In contrast to the above alterations, provided 
that resolution of printers Is much higher like 1200 dpi, 
a gray level in which weak irregularity is introduced can 
be raised at, for example, the fifth gray level, making 
better use of superior uniformity in dot distribution of the 
dispersed-dot dithering method. 
[0291] As explained above in detail, since problems 
in conventional dithering methods were solved by utiliz- 
ing, apart from introducing weak irregularity fundamen- 
tal four periodic properties of the dispersed-dot dithering 
method, these properties brought about Into our meth- 
od, as they work in the dithering, an effect of giving high 
anisotropy to dot patterns together with memory-size 
saving and, at the same time, another effect of being 
able to produce visually more pleasing dot patterns as 
resolution of output devices becomes higher. 
[0292] Considering that improvement in the resolution 
of an output device requires a larger mask in the blue- 
noise mask method and therefore has a disadvanta- 
geous on this method, the advantage of the mask meth- 
od following the logic scheme (Fig. 1) over the blue- 
noise mask method (Fig. 63) having an opposite logic 
scheme is apparent. Described below in detail is em- 
bodiments of the present invention. Their advantages 
are clearly described. 

[0293] The embodiments of the present invention are 
described below in detail by referring to the attached 
drawings. The embodiments relate to the masks gener- 
ated according to the basic flowcharts shown in Fig. 5. 
[0294] Fig. 1 3 shows the basic system for processing 
an image according to an embodiment of the present 
invention. 

[0295] in this figure, 1 00 is an image input device such 
as a scanner that scans an input image 101. This device 
executes pre-processing 102 including the digitization 
of the input image 101 with continuous gray levels 
wherein the number of gray levels becomes 256; non- 
linear processing; and color processing for each color 
component of a color input image. Reference numeral 
103 designates a gray level processing device including 
a memory 104 storing a threshold matrix (a mask) 105 
including various periodicities characteristic of this em- 
bodiment, that is, a high anisotropy and a low irregularity 
(perturbation); and a comparator 106 for comparing the 
number of gradients of each pixel of an input image with 
the corresponding threshold based on Equation (5) and 
determining either 0 (no dot is provided) or 1 (a dot is 
provided) as an output value depending on the result of 
the comparison. Reference numeral 107 is a device for 
displaying or printing an output image 108 formed based 
on an output value from the comparator 106. 
[0296] In addition, in a direct print system using a dig- 
ital camera as an input device, the luminance and color 
information of the input image in Fig. 1 3 is converted 
into digital information, which is then stored in a memory 
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of the camera. Thus, as part of the pre-processing 102, 
the non-linear and color processing accounting for the 
properties of the printer as well as the gray level 
processing device 103 are incorporated in an ink jet 
printer 107 acting as an output device. $ 

<First embodiment 

[0297] A procedure for creating a mask having the 
features of this embodiment will be descrbed with ret- io 
erence to the flowchart in Fig. 5. 
[0298] Fig. 14 shows the shape and size of unit pixel 
blocks corresponding to a unit mask, and a set of ele- 
meni pbcel blocks having the same dot array in the em- 
bodiment This figure shows that the mask is a square 
matrix of 123 X 128 dots. In addition, all element pixel 
blocks that are painted black and that each consist of 
16X16 pixels have the same dot pattern over alt gray 
levels. Thus, the corresponding 16x16 elements masks 
have the same threshold array. 20 
[0299] Fig. 15 shows a two-dimensional array of unit 
pixel blocks of 128 X 1 28 pixels corresponding to a unit 
mask on an output screen on the basis of step S2 in Fig. 
5. II the output device is a printer, the rightward arrow 
represents a main scanning direction fora head ejecting & 
an ink and a laser beam, the downward arrow indicates 
a sub-scanning direction for sheet feeding, and the num- 
bers accompanying the arrows indicate the order in 
which the mask is scanned on the screen. 
[0300] Steps S3 and S4 in Fig. 5 according to this em- 30 
bodiment will be described with reference to Fig. 16. In 
Fig. 16, the dots each provided for the (4, 4) pixel of 
each element pixel block of 16 X 16 pixels have the 
same dot pattern as the first gray level of the dispersed- 
dot dither method. 35 
[0301] All element pixel blocks painted gray form the 
same dot pattern, but the dots each provided for the (1 2, 
12) pixel of each pixel element block form the second 
gray level and match the dots for the second gray level 
of the dispersed-dot dithering method, A small pixel 40 
block of 7 X 7 pixels is provided in each of the other 
element pixel blocks, and one of the 49 pixels is selected 
as the second gray-level dot. Accordingly, the dots pro- 
vided for the second gray level has a pseudo periodic 
pattern having the same period as the dot pattern for the 
first gray level of the dispersed-dot dithering method. 
[0302] For the third and subsequent gray levels, the 
repulsive potential expressed by Equations (2) and (3) 
and shown in Fig. 8 was used to form dot patterns ac- 
cording to step S5 in Fig. 5, as described above in detail, so 
The potential, however, was varied with the gray level 
up to the 70th level, but the potential used for the 70th 
gray level is used for the 71 st and subsequent gray lev- 
els. 

[0303] Masks created in, this manner were used to ss 
output the dot patterns for an input image of a uniform 
density on a screen of 256 X 256 pixels using a 600-dpi 
BJ printer. Fig. 17 shows the dot pattern for the Slhgray 




105 A2 48 

level, and Fig. 16 shows the dot pattern tor the 32nd 
gray level These figures show actual screens obtained 
using the 600-dpi BJ printer, which have been enlarged 
10 times in both length and width. The unit pixel blocks 
corresponding to the unit mask are exactly one-fourth 
of these screens in size, and the distribution of dots 
shown in Figs. 17 and 18 indicate the periodicity of the 
masks. 

[0304] Figs. 19 and 20 show the spatial -frequency 
property of the dot pattern of 128 X 128 pixels for the 
32nd gray level generated using a single unit mask ac- 
cording to this embodiment. Fig. 1 9 shows a one-dimen- 
sional -frequency property in the radial direction and also 
shows many isolated spectra having sharp peaks are 
seen on noise components. 

[0305] Fig. 20 shows anisotropy. This figure shows 
spectra having a mean anisotropy value of 3 dB odd and 
a maximum anisotropy value substantially higher than 
4 dB, which is assumed to be a particularly high aniso- 
tropic level, or possibly close to 10 dB or more, which is 
assumed to be a very anisotropic level. Both the mean 
and maximum values are at a level that can be deter- 
mined to exhibit the non-blue-noise property evelffn the 
error diffusion method. Thus, this dot pattern corre- 
sponding to the single mask evidently has the non-bkie- 
noise property. The match between the frequencies in- 
dicating a high anisotropy and the frequencies of the iso- 
lated spectra in the one-dimensional-lrequency proper- 
ty indicates that the spectra are attributable to the peri- 
odicity of the mask. 

[0306] Such a spectrum property is not limited to the 
32ndgray level but is found in all gray levels, so the unit 
mask according to this embodiment obviously has a 
non-blue noise property. 

[0307] Figs. 21 and 22 show the spatial-frequency 
property of a dot pattern for 32nd gray level generated 
on a screen of 256 x 256 pixels, which is used as a 
criteria in evaluating spectra, the gray level being gen- 
erated using unit masks of 1 28 and 1 28 pixels according 
to this embodiment. 

[0308] Fig. 21 shows a one-dimensional-frequency 
property in the radial direction. In this figure, the solid 
line shows this embodiment, while the broken line 
shows the case of a blue noise mask of 256 X 256 pix- 
els. This figure shows noticeable differences from the 
case of the single unit mask in that the number of noise 
components decrease, in that isolated spectra having 
high sharp peaks increase, and in that spectra for the 
blue noise masks are observed. 
[0309] Fig. 22 shows anisotropy. In this figure, the sol- 
id line shows this embodiment and the broken line 
shows the case of a blue noise mask of 256 X 256 pix- 
els. This embodiment exhibits a very high anisotropy of 
about 10dB as an average value, evidently in contrast 
to the isotropic blue noise mask method exhibiting an 
anisotropy of 0 dB as an average value. 
[0310] As shown in Fig. 77, the blue noise mask of 
128 X 128 pixels exhibited an anisotropy of about 8 dB 
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as an average value for a dot pattern generated on the 
screen of 256 x 256 pixels, which did not indicate the 
blue noise property. In this case, evenly spaced blurs of 
128 X 1 28 pixels were sensed on the gray scale in Fig. 
72 as an artifact, so this method was not practical. Ac- 
cording to this embodiment, however, such blurs were 
not sensed despite its higher anisotropy. 
[0311] In addition, when output images were com- 
pared which were obtained using the present masks and 
blue noise mask of 256 X 256 pixels, respectively, from 
an input image of, for example, the human skin surface 
having lower gray levels and a gradually changing shad- 
ing, the present masks exhibited a slightly better per- 
formance in reproducing the gradually changing shad- 
ing. The high uniformity of the dot distribution according 
to this embodiment is numerically substantiated. When 
pixel blocks oi 16 X 16 pixels were scanned on the 
screen to examine the variation of the number of dots 
contained in these blocks, this embodiment, which 
meets regularities (2) and (3), exhibited smaller values 
at most gray levels. 

[031 2] Besides: the size of the mask generating a vis- 
ually pleasing dot pattern is only one-fourth of that of the 
blue noise mask of an optimal size for a printer of this 
definition. Furthermore, since the element masks corre- 
sponding to the 16 element pixel blocks painted black 
in Fig. 1 4 have the same threshold array, only one ele- 
ment mask must be stored, thereby reducing the stor- 
age capacity for masks down to one-fifth. 
[0313] These results of evaluations indicate that the 
mask according to this embodiment is not based on the 
theoretical scheme for the blue noise property shown in 
Fig. 68 but on the new theoretical scheme shown in Fig. 
1. That is, clearly, if small masks are repeatedly and pe- 
riodically used from the beginning, in other words, if the 
spatial-frequency property exhibits a high anisotropy, a 
visually pleasing dot pattern without periodic artifacts 
can be obtained by miniaturizing the masks and provid- 
ing them with the variable regularities shown in (1 ) to (4) 
and the periodicity, that is, a high anisotropy, in contrast 
to the theoretical scheme in Fig. 68. 

<Second embodiments 

[031 4] A procedure for creating another mask having 
the features of this embodiment will be described with 
reference to the flowchart in Fig. 5. 
[031 5] Fig. 23 shows the shape and size of a unit pixel 
block corresponding to a unit mask, and a set of element 
pixel blocks having the same dot array. This mask differs 
from the mask according to the first embodiment in that 
in addition to 16 element pixel blocks painted black, 16 
element pixel blocks painted light gray have the same 
dot array to reduce the substantial storage capacity of 
the mask and in that anisotropy is further increased. 
[031 6] Fig. 24 shows a two-dimensional array of unit 
pixel blocks of 1 28 X 1 26 pixels corresponding to a unit 
mask on an output screen, which is determined at step 



S2 in Fig. 5. The meanings of the arrows and numbers 
shown in the right of the screen are the same as in Fig. 
15. 

[0317] Steps S3 and S4 in Fig. 5 according to this em- 

s bodiment will be descrfoed with reference to Fig 25. 
This figure shows part of a dot pattern for the second 
gray level in unit pixel blocks corresponding to a single 
mask, and the eel of element pixel blocks painted dark 
gray and the set of element pixel blocks painted light 

io gray have exactly the same dot pattern overall gray lev- 
els. In addition, the dots each provided for the (4, 4) pixel 
of each element pixel block of 16X16 pixels form a dot 
pattern for the first gray level and match the dot pattern 
for the first gray level of the dispersed-dot dithar method. 

is [0318] The dots each provided for the (12, 12) pixel 
of each pixel element block of the set of element pixel 
blocks having the same dot pattern form the second 
gray level and also match the dots for the second gray 
level of the dispersed-dot dithering method. A small pix- 

20 el block of 7 x 7 pixels is provided in each of the other 
element pixel blocks, and one of the 49 pixels is ran- 
domly selected as the second gray-level dot. 
[0319] For the third and subsequent gray levels, dot 
patterns were formed according to step S5 in Fig. 5 us- 

25 ing exactly the same items as in the first embodiment 
including the repulsive potential, and masks were then 
produced based on these dot patterns. 
[0320] The masks created in this manner were used 
to output the dot patterns for an input image of a uniform 

30 density on a screen of 256 X 256 pixels using a 600-dpi 
BJ printer Fig. 26 shows the dot pattern for the 8thgray 
level, and Fig. 27 shows the dot pattern for the 32nd 
gray level. These figures show actual screens obtained 
using the 600-dpi BJ printer, which have been enlarged 

35 10 times in both length and width. The unit pixel blocks 
corresponding to the unit mask are exactly one-fourth 
of these screens in size, and the distribution of dots 
shown in Figs. 26 and 27 evidently show the periodicity 
of the unit masks. 

40 [0321] Figs. 28 and 29 show the spatial -frequency 
properly of the dot pattern of 128 X 128 pixels for the 
32nd gray level generated using a single unit mask ac- 
cording to this embodiment. Fig. 28 shows a one-dimen- 
sional-frequency property in the radial direction and also 

45 shows many isolated spectra having sharp peaks are 
seen on noise components. Compared to the first em- 
bodiment (Fig. 1 9), the peaks of the isolated spectra are 
relatively higher than the noise components. This is be- 
cause the number of sets of element pixel blocks having 

50 the same dot pattern was doubled to increase the peri- 
odicity. 

[0322] Fig. 29 shows anisotropy. In this figure, the 
mean anisotropy value exceeds 4 dB : which is assumed 
to indicate a particularly high anisotropy, and is a little 
55 under 7 dB. and the maximum value exceeds 10 dB, 
which is assumed to indicate a very high anisotropy, and 
the largest of the maximum values reaches 1 4 dB. Both 
the mean and maximum values are higher than a level 
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that can be determined to exhibit the non-blue-noise 
property according to the error diffusion method. There- 
fore, this dot pattern evidently has the non-blue-noise 
property. 

[0323] The match between the frequencies indicating 
a high anisotropy and the frequencies of the isolated 
spectra in the one-dimensional-lrequency property indi- 
cates that (he spectra are attrfoutable to the periodicity 
of the mask. 

[0324] Such a spectrum property is not limited to the 
32ndgray level but is found in all gray levels, so the unit 
mask according to this invention obviously has a non- 
blue noise property. 

[0325] Figs. 30 and 31 show the spatial-frequency 
property of the dot pattern for the 32nd gray level gen- 
erated using the unit masks according to this embodi- 
ment, on a screen of 256 x 256 pixels, which is a stand- 
ard for evaluating spectra Fig. 30 shows a one-dimen- 
sional-frequency property in the radial direction. In this 
figure, the solid line shows this embodiment, white the 
broken line shows the case of a blue noise mask of 256 
X 256 pixels. This figure shows thai the present masks 
substantially reduce the number of noise components 
and that many of the isolated spectra have high Gharp 
peaks, compared to the case of the single unit mask. 
[0326] Fig. 31 shows anisotropy. In this figure, the sol- 
id line shows this embodiment and the broken line 
shows the case of a blue noise masks of 256 x 256 
pixels. This embodiment exhibits a very high anisotropy 
of about 1 3 dB as an average value and provides a large 
number of spectra having a maximum value exceeding 
15 dB, some of them close to 20 dB. 
[0327] As described above, despite its high anisotro- 
py equivalent to that of the dispersed-dot dithering meth- 
od, this embodiment prevents periodic artifacts caused 
by the repetition ol Ihe same pattern from being sensed 
as shown in the gray scale in Fig. 72 for the blue noise 
mask of 128 x 12e pixels (Fig. 66 shows a gray scale 
obtained by the masks according to this embodiment). 
[0328] In addition, when output images were com- 
pared which were obtained using the present masks and 
blue noise mask of 256 X 256 pixels, respectively, from 
an input image having lower gray levels and a gradually 
changing shading, the present masks exhibited a slight- 
ly better performance in reproducing the gradually 
changing shading. The high uniformity of the dot distri- 
bution according to this embodiment was numerically 
substantiated. 

[0329] As described above, the size ol the mask gen- 
erating a visually pleasing dot pattern is only one-fourth 
of that of the corresponding blue noise mask. Besides, 
since the two sets of element pixel blocks having the 
same 16 dot patterns have the same threshold array, 
the number of element masks having an independent 
threshold array is 34. Accordingly, 34/256 - 0.13. so the 
above size is about one-eighth of thai of the correspond- 
ing blue noise mask rather than one-fourth. That is, by 
improving the method for reading data from the storage 



device, the storage capacity required to store the masks 
according to this embodiment can be reduced to about 
one-eighth of that for the blue noise mask ol 256 X 256 
pixels. 

5 [0330] These results of evaluations Indicate that the 
mask according to Ihis embodiment is not based on the 
theoretical scheme for the blue noise property shown in 
Fig. 68 but on the new theoretical scheme shown in Fig. 
1. 

w 

<Third embodiment 

[0331] A procedure for creating another mask having 
the features of this embodiment will be described with 

'5 reference to the flowchart in Fig. 5. 

[0332] Fig. 32 shows the shape and size of a unit pixel 
block corresponding to a unit mask, and a set of element 
pixel blocks having the same dot array. The set of four i 
element pbcel blocks painted black and the set of four 

&> element pixel blocks painted licfrt gray have exactly the 
same dot pattern over all gray levels. 
[0333] Fig. 33 shows a two-dimensional array of unit 
pixel blocks of 64 x 64 pixels corresponding td~a unit 
mask on an oulput screen, based on step S2 in Fig. 5. 

*s As is apparent from the figure, the unit pixel blocks are 
arranged in the vertical direction by simply arranging 
them in the (y) direction, whereas in the horizontal di- 
rection (x direction), the blocks are not simply arranged 
but in such a way that the adjacent unit pixel block is 

30 offset by 32 pixels in the vertical direction. This a rrange- 
ment is intended to avoid allowing the periodic structure 
to be visually easily sensed as in a simple arrangement 
of the same small-scale patterns placed orderly in both 
horizontal and vertical directions and to reduce horizon- 

3S tal linear blurs caused by non-uniform sheet feeding in 
order to facilitate the above avoidance. To reduce hori- 
zontal linear blurs in this manner, adjacent arrays of ver- 
tical unit pixel blocks are more effectively offset from 
each other, for example, by 16 pixels in the positive di- 

40 rection of the (y) axis. 

[0334] On the other hand, to reduce vertical linear 
blurs, adjacent arrays ol horizontal unit pixel blocks are 
more effectively offset from each other, for example, by 
16 pixels in the positive direction of the (x) axis. 

46 [0335] This embodiment uses for convenience a 
mask corresponding to the rectangular pixel block of 64 
X 128 pixels shown by the thick dotted line in Fig. 33. 
This figure shows in its right the order in which the mask 
is repeatedly scanned in generating a dot pattern. 

so [0336] Steps S3 and S4 in Fig. 5 according to this em- 
bodiment will be described with reference to Fig. 34. For 
simplicity; this embodiment will be described in conjunc- 
tion with the unit mask size of 32 X 32 pixels. Accord- 
ingly, the size of the unit pixel block b 32 X 32 pixels as 

55 shown in Fig. 34. Furthermore, horizontally adjacent unit 
pbcel blocks are offset by 16 pixels in the (y) direction. 
The set of element pixel blocks painted dark gray have 
exactly the same dot pattern over all gray levels. 
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[0337] The dots each provided for the (4, 4) pixel of 
each element pixel block of 16 x 16 pixels form a dot 
pattern for the first gray level and match the dot pattern 
for the first gray level of the dispersed-dot dither method. 
The dots each provided for the (12. 12) pixel of each 
pixel element block of the set of element pixel blocks 
having the same dot pattern form the second gray level 
and also match the dote for the second gray level of the 
dispersed-dot dithering method. A small pixel block of 7 
X 7 - 49 pixels is provided in each of the other element 
pixel blocks, and one of the 49 pixels is randomly se- 
lected as the second gray-level dot All the 49 pixels, 
however, are not provided with the same probability of 
selection, but are weighted in a Gaussian manner as 
shown in Fig. 35 using the position of the central pixel 
as the origin so that pixels closer to the center are more 
likely to be selected. 

[0338] The Gaussian function used in this weighting 
is given by the following equation. 

[Equation 6] 

W = e 2a (where a 2 =4) (6) 

[0339] Fig. 36 shows the results of creation of dot pat- 
terns up to the second gray level for the unit pixel block 
shown in Fig. 32 using the above method. As described 
above, in making the dot positions for the second gray 
level irregular, dot positions are regulated by providing 
small pixel blocks of 7 X 7 = 49 pixels and further weight- 
ing the pixels. This is because when the masks are 
small, the number of irregularly positioned dots decreas- 
es and because the positions of the randomly selected 
dots aro biased when regulated by simply providing the 
small pixel blocks, thereby allowing the periodicity ob- 
tained by the repetition of the small-scale dot pattern to 
be sensed more easily. Actually, in the second embod- 
iment with large-scale masks, there are 32 dots for the 
second gray level which are made irregular, requiring 
only regulation with the small pixel blocks. This embod- 
iment, however, includes only 8 dots, so it is difficult to 
control the dots so that their positions are not biased by 
simply regulating them with the small pixel blocks. 
[0340] Returning to Fig. 34, a method for forming a 
dot pattern forihe third gray level according to this em- 
bodiment is described. In contrast to the above embod- 
iments in which the unit pixel blocks are arranged order- 
ly in both horizontal and vertical directions on the output 
screen, there may be an offset between adjacent unit 
pixel blocks along their boundary, so a different method 
must be used to process the repulsive potential in the 
boundary. 

[0341] With reference to Fig. 34 and taking as an ex- 
ample a dot 44 for the first gray level in a unit pixel block 
43 forming a dot pattern, a method for processing the 



repulsive potential provided to this dot will be described. 
[0342] A solid line 45 shows a range inside of the unit 
pixel block 43 which is subjected to this repulsive poten- 
tial. Part of the potential that extends out from the upper 

s boundary of the unit pixel block 43 and that Is represenl- 
ed by a broken line 46 is shifted parallel into the block 
43 without changing its shape until it abuts on the lower 
boundary of the block 43, because there is no offset be- 
tween the unit pixel blocks along the upper boundary. 

io This part of the potential is equal to a potential 50 applied 
to the inside of the unit pixel block 43 by the repulsive 
potential provided to a dot 49 for the first gray level in 
the unit pixel block located under and adjacent the unit 
pixel block 43 which corresponds to the dot 44 for the 

'5 first gray level in the block 43. 

[0343] Part 47 of the potential that extends into the 
unit pixel block located diagonally above and on the left 
of the unit pixel block 43 in such a way to be offset there- 
from by 16 pixels and that is represented by a broken 

20 dotted line is shifted so as to be equal to a potential 52 
applied to the inside of the unit pixel block 43 by the 
repulsive potential provided to a dot 51 corresponding 
to a dot 44 for the first gray level in the unit pixel block 
located diagonally below and on the right of the unit pixel 

25 block 43 in such a way as to be offset therefrom by 1 6 
pixels. 

[0344] Part 48 of the potential that extends into the 
unit pixel block located diagonally below and on the left 
of the unit pixel block 43 in such a way to be offset there- 
to from by 16 pixels and that is represented by a broken 
dotted line is shifted so as to be equal to a potential 54 
applied to the inside of the unit pixel block 43 by the 
repulsive potential provided to a dot 53 corresponding 
to a dot 45 for the first gray level in the unit pixel block 
35 located diagonally above and on the right of the unit pixel 
block 43 in such a way as to be offset therefrom by 1 6 
pixels. In this manner, the processing of the repulsive 
potential applied to the dot 44 Is completed. 
[0345] A repulsive potential is applied to each of the 
40 other dots provided inside the unit pixel block 43, and a 
first dot for the third gray level is provided to a pixel 55 
with the lowest repulsive potential in the unit pixel block 
43. A new dot is provided to each of the three remaining 
element pixel blocks in such a way that the repulsive 
4£ potentials applied to the new dots are accumulated, 
thereby completing a dot pattern for the third gray level. 
[0346] Although Fig. 34 uses the small-scale unit pixel 
blocks and repulsive potentials in order to simply de- 
scribe the method for processing the repulsive potential 
in the boundary between the unit pixel blocks according 
to this embodiment, this method can be applied to the 
unit pixel block in Fig. 36 and the repulsive potential 
shown in Fig. 8 in order to create the dot pattern for the 
third gray level according to this embodiment 
ss [0347] Thus, for the third and subsequent gray levels, 
despite the change in the method for processing the re- 
pulsive potential in the boundary, dot patterns were 
formed according to step S5 in Fig. 5. which is described 
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in detail in the second embodiment, and masks were 
produced based on these dot patterns. 
[0348] The masks created in this manner were used 
to output the dot patterns for an input image of a uniform 
density on a screen of 256 X 256 pixels using a 600 -dpi s 
BJ printer. Fig. 37 shows the dot pattern for the Bthgray 
level, and Fig. 38 shows the dot pattern for the 32nd 
gray level. These figures show actual screens obtained 
using the 600-dpi BJ printer, which have been enlarged 
10 times in both length and width. The unit pixel blocks '0 
corresponding to the unit mask of 64 x 64 pixels are 
one-sixteenth of these screen in size, and the distribu- 
tion of dots shown in Figs. 37 and 38 evidently show the 
periodicity of the unit masks. 

[0349] Figs. 39 and 40 show the spatial-frequency 16 
property of the dot paltern (64 X 64 pixels) for the 32nd 
gray levet generated using a single unit mask according 
to this embodiment. Fig. 39 shows a one-dimensional- 
frequency property in the radial direction and also shows 
many isolated spectra having peaks are seen on noise 20 
components. 

[0350] Fig. 40 shows anisotropy. This figure shows a 
large number'of spectra having a mean value of 3 dB 
odd and a maximum value exceeding 4 dB, which is as- 
sumed to be a particularty anisotropic level according to *5 
the mask method. Since there are also spectra having 
a maximum value of about 6 dB, this dot pattern defi- 
nitely has the non-bl ue-noise p rope rty. If the 1 requencies 
of the peaks in the one-dimensional-frequency property 
agree with the frequencies of the peaks in anisotropy, 30 
then for example, spectra of 0.24/s and 0.41/s are at- 
tributable to the periodicity of the mask. 
[0351] Such a spectrum property is not limited to the 
32ndgray level but is found in all gray levels, so the unit 
mask according to this invention obviously has a non- ss 
blue noise property. Figs. 41 and 42 show the spatial- 
frequency property of the dot pattern for the 32nd gray 
level generated using the unit masks according to this 
embodiment, on a screen ol 256 X 256 pixels, which is 
a standard for evaluating spectra. Fig. 41 shows a one- 40 
dimensional-frequency property in the radial direction. 
In this figure, the solid line shows this embodiment, while 
the broken line shows the case of a blue noise mask of 
256 X 256 pixels. There are very few noise components 
and most of the isolated spectra have high sharp peaks. 
[0352] Fig. 42 shows anisotropy. In this figure, the sol- 
id line shows this embodiment and the broken line 
shows the case of a blue noise masks of 256 x 256 
pixels. This embodiment exhibits a very high anisotropy 
of about 1 6 dB as an average value and provides sev- so 
eral spectra exceeding 20 dB as the maximum ampli- 
tude. Since a similar anisotropy is observed in the other 
gray levels, this embodiment has a higher anisotropy 
than the above embodiments. 

[0353] As described above, despite its very high ani- ss 
sotropy equivalent to that of the dispersed -dot dithering 
method, this embodiment prevents periodic artifacts 
caused by the repetition of the same pattern from being 
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sensed as shown in the gray scale in Fig. 73 lor the blue 
noise mask of 64 x 64 pixels. 
[0354] In addition, when output images were com- 
pared which were obtained using the present masks and 
blue noise mask of 256 x 256 pixels, respectively, from 
an input image having lower gray levels and a gradually 
changing shading, the present masks exhibited a sGghl- 
ty better performance in reproducing the gradually 
changing shading. The high uniformity of the dot distri- 
bution according to this embodiment was numerically 
substantiated. 

[0355] As described above, the mask generating a 
visually pleasing dot pattern according to this embodi- 
ment has a size of 64 x 128 pixels as shown in Fig. 33, 
a unit mask of 64 X 64 pixels can be used by improving 
the method for reading data from the storage device. 
[0356] This size is one-sixteenth of the size of the blue 
noise mask of 256 x 256 pixels. Besides, since the two 
sets of element pixel blocks having the same 4 dot pat- 
terns have exactly the same threshold array, the number 
of element masks having an independent threshold ar- 
ray is 10. Accordingly, 10/256 = 0.039, so the above size 
is substantially one-twenty-fifth of that of the*corre- 
6ponding blue noise mask rather than one-sixteenth. 
That is, by improving the method for reading data from 
the storage device, the storage capacity required to 
store the masks according to this embodiment can be 
reduced to about one-twenty-frfth of that for the blue 
noise mask of 256 X 256 pixels. 
[0357] These results of evaluations indicate that the 
mask according to this embodiment is not based on the 
theoretical scheme for the blue noise property shown in 
Fig. 68 but on the new theoretical scheme shown in Fig. 
1. 

<Fourth embodiment 

[0356] A procedure for creating another mask having 
the features of this embodiment will be described. 
[0359] Fig. 43 shows the shape and size of a unit pixel 
block corresponding to a unit mask, and a set of element 
pixel blocks having the same dot array in this embodi- 
ment. According to this embodiment, the mask is 
shaped like a cross as is apparent from the figure, there- 
by enabling both the main scanning direction of the print- 
er and the array direction of the mask to be tilted, as 
6hown in Figs. 83 and 84 cited from the well-known ex- 
ample (USP 4.753,322) for cluste red-dot dithering. That 
is, although the third embodiment allows the array of the 
mask to be shifted in only the (x) or (y) direction of the 
output image surface, this embodiment enables it to be 
two-dimensionally shifted todeal with the non-uniformity 
in both the main scanning and sub-scanning directions. 
[0360] In Fig. 43, the set of five element pixel blocks 
painted dark gray and the set of five element pixel blocks 
painted light gray have exactly the same dot pattern over 
all gray levels. Thus, although the total number of ele- 
ment pixel blocks is 20, there are 12 independent ele- 
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ment masks so the substantial storage capacity re- 
quired to store unit masks ts only about one-twentieth 
of that for the blue noise mask of 256 X 256 pixels. 
[0361] Fig. 44 shows the external shape of a unit 
mask actually created according to this invention. When 
2X2 = 4 element pixel blocks are considered to be one 
block, the number of such unit pixel blocks is 5, and 
these blocks correspond to the blocks A to D shown in 
Fig. 43. Accordingly, exactly the same dot pattern as 
shown in Fig. 43 can be obtained by two-dimensionally 
arranging a mask, but due to its smaller number of sides 
forming the external shape of the mask, the mask in Fig. 
44 enables the repulsive potential in the boundary to be 
more simply processed during mask creation. 
[0362] Fig. 45 shows an array of unit pixel blocks cor- 
responding to an array of unit masks. As is easily un- 
derstandable from the figure, this embodiment can use 
a square masK'of 160 X 160 pixels, which is shown by 
a thick dotted line 57. 

[0363] Steps S3 and S4 in Fig. 5 according to this em- 
bodiment will be described with reference to Fig. 46. For 
the first gray level, a dot is provided to Ihe (4, 4) pixel of 
each element pixel block. Then, for the set of element 
pixel blocks having the same dot pattern, a dot for the 
second gray level is provided to the (12,12) pixel. These 
dots match the dot pattern lor the second gray level of 
the dispersed-dot dithering method. The method for in- 
troducing irregularity (perturbation) into the dot pattern 
for the second gray level in each of (he element pixel 
blocks having individual independent bit patterns is ex- 
actly the same as in the third embodiment. That is, a 
small block of 7 x 7 bits centered at (12. 12) pixel is 
provided in each of these element pixel blocks, and the 
pixels contained in this small block are weighted in a 
Gaussian manner before one of the pixels is randomly 
selected. In this manner, the dot pattern for the second 
gray level for the unit pixel blocks can be determined as 
shown in Fig. 46. 

[0364] As in the above embodiment, the two-dimen- 
sional array of unit pixel blocks according to this embod- 
iment is not simple, resulting in the complicated method 
for processing the repulsive potential extending out from 
the boundary. However, the basic method, which has 
been described above in detail can be used in this case. 
[0365] For the third and subsequent gray levels, dot 
patterns can be created according to step S5 and sub- 
sequent steps in Fig. 5 as in the third embodiment, 
thereby completing a dither matrix. 
[0366] The masks created in this manner were used 
to output the dot patterns for an input image of a uniform 
density on a screen of 256 X 256 pixels using a 600-dpi 
BJ printer. Fig. 47 shows the dot pattern for the Sthgray 
level, and Fig. 48 shows the dot pattern for the 32nd 
gray level. These figures show actual screens obtained 
using the 600-dpi BJ printer, which have been enlarged 
10 times in both length and width. The distribution of 
dots shown in Figs. 47 and 48 evidently show the peri- 
odicity of the unh masks. 



[0367] Figs. 49 and 50 show the spatial -frequency 
property of the dot pattern lor the 32nd gray level gen- 
erated using a single unit mask according to this em- 
bodiment Fig. 49 shows a one-dimensional-frequency 
s property in the radial direction. Since the spatial-fre- 
quency property is normally evaluated using the fast 
Fourie transform (FFT) algorithm, the pixel block must 
have a size of 2 n X 2" where (n) is an integer. Thus, 
according to this embodiment, the screen size was 128 
X 128 pixels and evaluation was carried out by assum- 
ing that all pixels outside the unit pixel block are each 
provided with a dot 

[0368] Since the blue noise mask method, which is an 
comparative example, uses fast Fourie transform to cre- 
ate masks, it is very difficult for this method to design 
masks such as those generated according to this em- 
bodiment. 

[0369] Thus, for convenience, a dot pattern was cut 
out from an original dot pattern generated using a blue 
noise mask of 12B X 128 pixels in such a way that the 
cutout dot pattern was shaped like the unit pixel block 
according to this embodiment 
[0370] Fig. 49 shows one -dimensional power spectra 
for the 32nd gray level for single unit masks, which were 
compared and evaluated as described above, and Fig. 
50 shows an isotropy. The one-dimensional power spec- 
tra show that both methods have a very high spectrum 
at a frequency lower than 0.1/s or 0.1 5/s. This is be- 
cause the dot pattern in the unit pixel block that was not 
square was evaluated using the screen of 128 X 128 
pixels larger than this dot pattern. Thus, the frequency 
area higher than or equal to 0.2/s which is not substan- 
tially affected by these spectra is used for comparison. 
[0371] For the one -dimensional power spectrum, this 
embodiment has relatively higher and more sharp iso- 
lated spectra than the blue noise mask method. With 
respect to the anisotropy of the frequency area higher 
than or equal to 0.2/s, the blue noise mask method has 
an average of 0 dB and is thus isotropic. Since even the 
frequency of a spectrum exhibiting a high anisotropy is 
about 3 dB or tower, the value of the blue noise mask 
method is almost equivalent to that of spectra exhibiting 
the highest anisotropy in the Perturbed Error Diffusion 
method. On the other hand, this embodiment has a large 
number of spectra having a mean value of 2 dB odd and 
a maximum value higher than 4 dB, which is assumed 
to be a particularly anisotropic level, or possibly higher 
than 6 dB. 

[0372] Accordingly, this embodiment is obviously an- 
isotropic and has a non-blue noise property. For refer- 
ence, Fig. 51 shows the results of subtraction of the an- 
isotropy value of the blue noise mask method from the 
anisotropy value of this embodiment for the purpose of 
eliminating the effects of the shape of the unit pixel 
block. If the blue noise mask method is assumed to be 
isotropic, this embodiment exhibits a higher anisotropy. _ 
[D373] Such a spectrum property is not limited to the 
32ndgray level but is found in all gray levels, so the unit 
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mask according to this invention obviously has a non- 
blue noise property. 

[0374] Another point substantiates the non-blue- 
noise property of the mask according to this embodi- 
ment. That is, due to its size larger than the unit mask s 
according to the third embodiment, the unit mask ac- 
cording to this embodiment has a higher periodicity, 
thus, a higher anisotropy. Since the mask according to 
the third embodiment exhibits the non-blue-noise prop- 
erty, the mask according to this embodiment reasonably w 
has the non -blue-noise property. 
[0375] Figs. 52 and 53 show the spatial-frequency 
property of the dot pattern for the 32nd gray level gen- 
erated using the unit masks according to this embodi- 
ment, on a screen of 256 X 256 pixels, which is a stand- * 5 
ard for evaluating spectra. Fig. 52 shows a one-dimen- 
sional-frequency property in the radial direction. In this 
figure, the solid line shows this embodiment, while the 
broken line shows the case of a blue noise mask of 256 
x 256 pixels. This embodiment includes very few noise 20 
components and is composed of isolated spectra having 
high sharp peaks. 

[0376] Fig. 53 shows anisotropy. In this figure, the sol- 
id line shows this embodiment and the broken line 
shows the case of a blue noise masks of 256 x 256 & 
pixels. This embodiment exhibits a very high anisotropy 
of about 1 2 dB as an average value and provides sev- 
eral spectra exceeding 20 dB. 
[0377] Such a spectrum property is not limited to the 
32nd gray level but is found in all gray levels, so obvi- 30 
ously, the dot pattern generated using the masks ac- 
cording to this invention is not a blue noise pattern. 
[0378] As described above, despite its very high ani- 
sotropy similar to that of the dispersed-dot dithering 
method, this embodiment substantially prevented the 35 
viewer from sensing periodic artifacts caused by the rep- 
etition of an identical pattern as shown in the gray scale 
in Fig. 73 for the blue noise mask of 64 X 64 pixels (Fig. 
67 shows a gray scale obtained using the masks accord- 
ing to this invention). *o 
[0379] In addition, when output images were com- 
pared which were obtained using the present masks and 
blue noise mask of 256 X 256 pixels, respectively, from 
an input image having lower gray levels and a gradually 
changing shading, the present masks exhibited a slight- 
ly better performance in reproducing the gradually 
changing shading. The high uniformity of the dot distri- 
bution according to this embodiment was numerically 
substantiated. 

[0380] These results of evaluations indicate that the so 
mask according to this embodiment is not based on the 
theoretical scheme for the blue noise property shown in 
Fig. 68 but on the new theoretical scheme shown in Fig. 
1. 

55 

<Filth embodiment 

[0381 ] A procedure for creating yet another mask hav- 
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ing the features of this embodiment will be described. 
[0362] Fig. 54 shows the shape and size of a unit pixel 
block corresponding to a unit mask, and a set of element 
pixel blocks having the same dot array. Since the mask 
Is shaped like a cross as fn the fourth embodiment, this 
embodiment can simultaneously deal with the non-uni- 
formity in both the main scanning and sub-scanning di- 
rections. 

[0383] In Fig. 54, the individual element pixel blocks 
are mutually distinguished using patterns such as a and 
#, but the set of element pixel blocks having the same 
pattern have the same dot pattern over all gray levels. 
Although in this example, the total number of element 
pixel blocks Is 20, there are 8 sets of element pixel 
blocks having the same pattern. Thus, this embodiment 
includes 1 0 independent element masks, and this value, 
which is equal to that of the third embodiment, is smaller 
than those of the other illustrated embodiments. Conse- 
quently, the storage capacity required to store unit 
masks is only about one-twenty-fifth of that for the blue 
noise mask of 256 X 256 pixels. 
[0384] Fig. 55 shows the external shape of a unit 
mask actually created according to this invention, which"" 
is exactly the same as in the fourth embodiment. This 
figure uses dotted arrows to show the location of sets of 
element masks each having exactly the same threshold 
array, and shows that the location conforms to a con- 
stant periodicity except for one set shown by arrow 58. 
[0385] Fig. 56 shows an array of unit pixel blocks cor- 
responding to an array of unit masks. This array is ex- 
actly the same as in the fourth embodiment and can also 
be used as a square mask of 160 X 160 pixels, which 
is shown by a thick dotted line 59. 
[0386] This embodiment differs from the fourth em- 
bodiment in the method for determining a dot pattern for 
the second gray level. 

[0387] In general, when the mask is small and the dot 
pattern is not uniform, periodic artifacts appear in the 
direction of the arrangement of the unit pixel blocks. If 
the arrangement direction according to this embodiment 
is represented using vectors (p) and (q). stripe patterns 
most frequently appear in the directions parallel with (p) 
and (q). (p) and (q) represent the direction and distance 
in and over whjch a unit pixel bkxk moves parallel to- 
ward the adjacent unit pixel block until they overlap each 
other, and these vectors are mutually orthogonal. 
[0388] In addition, the pixels can be located only at 
lattice points parallel with the (x) and (y) axes and the 
dots for the first gray level are in tact arranged on such 
lattice points, so stripe patterns are likely to appear in 
these two directions next to the (p) and (q) directions. 
[0389] A method for determining a dot pattern for the 
second gray level in such a way as to prevent such stripe 
patterns from appearing accord rig to this embodiment 
will be described with reference to Figs. 57 and 58. 
[0390] Fig. 67 shows unil pixel blocks for which dots 
have been provided up to the second gray level. The (4, 
4) pixel of each element pixel block is a dot lor the first 
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the plurality of element masks having the same thresh- 
old array. Thus, the present gray scale reproduction 
method is suited for a direct print system using a digital 
camera 

[04f 6] Furthermore, the method according to this em- 
bodiment takes over much of the regularity from the dis- 
persed-dot dithering method. Accordingly, as in the dis- 
persed-dot dithering method, the image quality im- 
proves as the definition ot the printer increases, so a 
high quality is ensured even if this method is applied to 
recent 1 ,200-dpi printers. This method does not require 
larger masks corresponding to a higher-definition printer 
as in the blue noise mask. 

[041 7] Furthermore, according to the method accord- 
ing to this embodiment, the first gray level has a periodic 
or a pseudo periodic pattern and higher gray levels also 
have periodicity inside the mask. Consequently simply 
viewing the dot pattern allows the use of the algorithm 
according to this embodiment to be determined based 
on the periodicity of the dot pattern. 
[0418] As described above the gray level reproduc- 
tion method based on the theoretical scheme has the 
following characteristics: (1) it has a high image quality, 
(2) the mask is small, (3) it can prevent software from 
being stolen, and (4) it is more preferably used for high- 
definition printers. Thus, this method is suited tor the 
high-definition digital image age including the present 
and the near future. As regards this, if the gray scale 
reproducing apparatus includes a storage medium of a 
large capacity, this invention is not limited to the small 
mask used in each embodiment but may use a larger 
mask of, for example. 256 X 256 size. 
[0419] Although the above embodiments have been 
described in conjunction with the conversion of input im- 
age data into binary data, this invention is not limited to 
this aspect but is applicable to conversion into three-or- 
more-valued data. 

[0420] Conversion into ternary data will be described. 
[0421 ] If the output device is an ink jet printer that has 
two inks of different densities, three values can be rep- 
resented. 

[0422] If data including 256 gray levels is input in 
which one pixel consists of 8 bits, input data up to 1 28th 
gray levels has its value doubled and the masks created 
according to the above embodiment are used to bin arize 
the data. If the resulting value is 1 1 the lighter ink is input 
If data between the 129th and 256th gray levels is input, 
it is binarized using the masks created according to the 
above embodiment and the darker ink is output if the 
resulting value is 1. Alternatively, up to the 128th gray 
level, masks having half the thresholds (decimals are 
omitted) of the respective masks created according to 
the above embodiment are separately provided for the 
lighter ink. Compared to the output of the 1 28th and low- 
er gray levels using only the darker ink, this method dou- 
bles the number of dots provided, thereby enabling a 
graduaJly changing portion of an input image ol low gray 
levels to be reproduced smoothly. 



[0423] Thus, such a multi-valued technique is impor- 
tant in improving the reproducibility for changing gray 
levels such as those seen in the human skin, and higher- 
quality output images can be obtained by applying to 

5 such a technique the masks created according to this 
embodiment. 

[0424] In addition, if this invention is applied to color 
image processing, different masks created according to 
the above embodiment are used for different colors (for 
io example, Y/M/C/K) to provide binary or multi-valued da- 
ta. 

[0425] This invention can also be applied to a system 
composed of multiple devices such as a host computer, 
interface equipment, a reader, and a printer, and can f ur- 
'£ ther be applied to a unitary device such as a copier or 
facsimile terminal equipment. 

[0426] This invention can also be applied to the case 
in which a storage medium on which is recorded a soft- 
ware program that implements the functions of the 
20 above embodiment is supplied to a system or an appa- 
ratus and in which a computer in the system or appara- 
tus then reads out and executes program codes stored^ 
in the storage medium. 

[0427] In this case, the program codes read out from 
£5 the storage medium implements the functions of the 

above embodiment, and the storage medium storing the 

program codes constitutes this invention. 

[0428] The storage medium supplying the program 

codes includes, for example, a floppy disc, a hard disc, 
30 an optical disc, an photo-magnetic disc, a CD-ROM, a 

CD-R, a magnetic tape, a non-volatile memory card, or 

a ROM. 

[0429] Of course, the program codes read out by the 
computer cannot only be executed to implement the 

35 functions of the above embodiment but an OS (operat- 
ing system) running on the computer can also carry out 
all or part of the actual processing in order to implement 
the functions of the above embodiment. 
[0430] Furthermore, of course, after the program 

40 code read out from the storage medium has been written 
to the memory of an extension board inserted into the 
computer or extension unit connected thereto, a CPU in 
the extension board or unit can execute all or a part of 
actual processing based on instructions form the pro- 

6 gram code in order to implement the functions of the 
above embodiment. 

[0431] As described above, this invention can obtain 
high-quality images with a uniform dot distribution using 
the small masks and can obviate the need to increase 

so the mask size for a high-definition printer to reduce the 
memory capacity required to store the masks. 
[0432] As many apparently widely different embodi- 
ments of the present invention can be made without de- 
parting from the spirit and scope thereof, it is to be un- 

ss derstood that the invention is not limited to the specific 
embodiments thereof expect as defined in the append- 
ed claims. 
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Claims 



radius direction. 



1. A method of reproducing a gray level for represent- 
ing density of each pixel of an output image by bi- 
nary or muftivatuedata by corresponding each pixel 
of an original image one to one to each pixel of a 
threshold matrix (a mask), comprising the steps of: 

having non-blue noise properties at every gray 
level of dot patterns generated in a pixel block 
of a reference size using a mask of a size small- 
er than the relerence size of the pixel block; and 
generating in an output image no moire having 
visually undesired contrast and an artifact such 
as a constant repetitive pattern, etc. caused by 
the mask itself when an input image receives a 
gray level process and the image is output 
through an output device having a resolution of 
over 600 dpi. 

2. The method according to claim 1 , wherein said dot 
pattern generated only by the mask has a value 
equal to 07 larger than 1dB as a mean value of an* 
isotropy at every gray level. 

3. A method of reproducing a gray level for represent- 
ing density of each pixel of an output image by bi- 
nary or multivaluedata by corresponding each pixel 
of an original image one to one to each pixel of a 
threshold matrix (a mask), comprising the steps ol: 

having non-blue noise properties at every gray 
level of dot patterns generated only by the 
mask; and 

generating in an output image no moire having 
visually undesired contrast and an artifact such 
as a constant repetitive pattern, etc. caused by 
the mask itself when an input image receives a 
gray level process. 

4. A method of reproducing a gray level for represent- 
ing density of each pixel of an output image by bi- 
nary or multivalue data by corresponding each pixel 
of an original image one to one to each pixel of a 
threshold matrix (a mask), comprising the steps of: 

having a plurality of independent spectra, of a 
two-dimensional domain frequency spectrum 
of a dot pattern generated only by the mask, 
caused by periodicity of the mask at every gray 
level; and 

generating in an output image, which has re- 
ceived a gray level process, no visually unde- 
sired artifacts by introducing low irregularity 
(perturbation) to distribution of dots at a plural- 
ity of gray levels, and by assigning noise ele- 
ments having a small amount of low frequency 
elements to a spectrum in a one-dimensional 



5. A method of reproducing a gray level using a rela- 
tively small threshold matrix having the same 

5 threshold array corresponding to an entire original 
image in a two-dimensional and regular array to 
represent density of each pixel of an output image 
by binary or multivalue data by corresponding each 
pixel of an original image one to one to each pixel 

io of a threshold matrix (a mask), comprising the steps 
of: 

said mask having a size ol an arrangement of 
a plurality of masks (element masks) of a size used 
in dispersed-dot dithering, and dot pattern generat- 
is ed by said mask: 

(1 ) having a set of element pixel blocks in which 
distribution of dots in each element pixel block 
corresponding to each element mask is the 

so same at every gray level; 

(2) having low irregularity or pseudo-periodicity 
at any low gray level at a first level or thereafter; 

(3) having an equal number of dots in Bll ele- 
ment pixel blocks at every level; and 

25 (4) having an equal number of dots in four par- 

tial element pixel blocks each having a quarter 
of each element pixel block at every 4n (n indi- 
cates an integer) gray level. 

30 6. The method according to any of claims 1 through 5, 
wherein adjacent masks are shifted along a bound- 
ary when said masks are two-dimensionally and re- 
peatedly used. 

35 7. The method according to claims 1 through 6 t where- 
in said mask is different from quadrilateral. 

8. The method accordin g to any of claims 5 through 7 , 
wherein said low irregularity or pseudo-periodicity 

40 is implemented by providing, at all or part of prede- 
termined positions in each element pixel block cor- 
responding to each element mask, a small pixel 
block having a number of pixels equal to or smaller 
than a quarter (1/4) of a total number of pixels in the 

45 section, and by selecting one pixel for a dot in each 
of small pixel blocks. 

9. The method according to any of claims 1 through B, 
wherein repulsive potential is assigned to all dots 

so when a dot pattern is determined for a specific gray 
level as a method of determining a dot pattern at 
each gray level to generate the mask, and a dot is 
placed to determine a dot pattern for a next gray 
level at a pixel having lowest potential determined 

55 as a sum of potential values. 

10. A method ol reproducing a gray level of color image 
to which the method according to any of claims 1 
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through 9 is applied, wherein a color image is ana- 
lyzed into a plurality of color elements; and an orig- 
inal image having at least one ol the color elements 
is an input image. 

s 

11. An apparatus of reproducing a gray level for repre- 
senting density ol each pixel of an output image by 
binary or multivalue data by corresponding each 
pixel of an original image one to one to each pixel 
of a threshold matrix (a mask), comprising: ffl 

storage means for storing a threshold matrix; 
comparison means for comparing a value of the 
threshold matrix as a threshold with density of 
each pixel of an original image; and ^ 
output means for outputting a binary or multi- 
value dot pattern based on a comparison result 
of said comparison means, wherein 
said threshold matrix has a size smaller than 
the reference size of the pixel block, dot pat- 20 
terns generated in a pixel block of a reference 
size have non-blue noise properties at every 
gray level, no moire having visually undesired 
contrast nor an artifact such as a constant re- 
petitive pattern, etc. caused by the mask itself 25 
is generated in an output image when an input 
image receives a gray level process and the im- 
age is output through an output device having 
a resolution of over 600 dpi. 

30 

12. An apparatus of reproducing a gray level for repre- 
senting density of each pixel of an output image by 
binary or multivalue data by corresponding each 
pixel of an original image one to one to each pixel 
of a threshold matrix (a mask), comprising: zs 

storage means for storing a threshold matrix; 
comparison means for comparing a value of the 
threshold matrix as a threshold with density of 
each pixel of an original image; and 40 
output means for outputting a binary or multi- 
value dot pattern based on a comparison result 
of said comparison means, wherein 
said threshold matrix has dot patterns generat- 
ed only^y the mask having non-blue noise *s 
properties at every gray level, and generates in 
an output image no moire having visually unde- 
sired contrast or an artifact such as a constant 
repetitive pattern, etc. caused by the mask itself 
when an input image receives a gray level proc- so 
ess. 

13. An apparatus of reproducing a gray level for repre- 
senting density of each pixel of an output image by 
binary or multivalue data by corresponding each 
pixel of an original image one to one to each pixel 
of a threshold matrix (a mask), comprising: 




105 A2 70 

storage means for storing a threshold matrix; 
comparison means for comparing a value of the 
threshold matrix as a threshold with density of 
each pixel of an original image; and 
output means for outputting a binary or multi- 
value dot pattern based on a comparison result 
of said comparison means, wherein 
said threshold matrix has a plurality of inde- 
pendent spectra, of a two-dimensional domain 
frequency spectrum of a dot pattern generated 
only by the threshold matrix, caused by perio- 
dicity of the threshold matrix at every gray level, 
and generates in an output image, which has 
received a gray level process, no visually un- 
desired artifacts by introducing low irregularity 
(perturbation) to distribution of dots at a plural- 
ity of gray levels, and by assigning noise ele- 
ments having a small amount of low frequency 
elements to a spectrum in a one-dimensional 
radius direction. 

14. An apparatus of reproducing a gray level for repre- 
senting density of each pixel of an output image by 
binary or multivalue data by corresponding each 
pixel of an original image one to one to each pixel 
of a threshold matrix (a mask), comprising: 

storage means for storing a threshold matrix; 
comparison means for comparing a value of the 
threshold matrix as a threshold with density ol 
each pixel of an original image; and 
output means for outputting a binary or multi- 
value dot pattern based on a comparison result 
of said comparison means, wherein 
said threshold matrix mask has a size of an ar- 
rangement of a plurality of masks (element 
masks) of a size used in dispersed-dot dither- 
ing, and a generated dot pattern has: 

(1) a set of element pixel blocks in which 
distribution of dots in each element pixel 
block corresponding to each element mask 
is the same at every gray level; 

(2) tow irregularity or pseudo-periodicity at 
any low gray level at a first level or there- 
after; 

(3) an equal number of dots in all element 
pixel blocks at every level; and 

(4) an equal number of dots in four partial 
element pixel blocks each having a quarter 
of each element pixel block at every 4n (n 
indicates an integer) gray level. 

15. A threshold matrix for use in converting density of 
each pixel of an original image into binary or multi- 
value data, wherein said threshold matrix has a size 
smaller than the reference size of the pixel block, 
dot patterns generated in a pixel block of a refer- 
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once size have non-blue noise properties at every 
gray level, no moire having visually undesired con- 
trast nor an artifact such as a constant repetitive 
pattern, etc. caused by the mask itself is generated 
In an output image when an input image receives a 
gray level process and the image is output through 
an output device having a resolution of over 600 dpi. 

16. A threshold matrix for use in converting density of 
each pixel of an original image into binary or multi- 
value data, wherein said threshold matrix has dot 
patterns generated only by the threshold matrix 
having non-blue noise properties at every gray lev- 
el, and generates In an output image no moire hav- 
ing visually undesired contrast or an artifact such 
as a constant repetitive pattern, etc. caused by the 
mask itself when an input image receives a gray lev- 
el process. 

17. A threshold matrix for use in converting density of 
each pixel of an original image into binary or multi- 
value data, wherein said threshold matrix has a plu- 
rality of independent spectra, of a two-dimensional 
domain frequency spectrum of a dot pattern gener- 
ated only by the threshold matrix, caused by perio- 
dicity of the threshold matrix at every gray level, and 
generates in an output image, which has received 
a gray level process, no visually undesired artifacts 
by introducing low irregularity (perturbation) to dis- 
tribution of dots at a plurality of gray levels, and by 
assigning noise elements having a small amount of 
low frequency elements to a spectrum in a one-di- 
mensional radius direction. 

1a A threshold matrix for use in converting density of 
each pixel of an original image into binary or multi- 
value data, wherein said threshold matrix mask has 
a size of an arrangement of a plurality of masks (el- 
ement masks) of a size used in dispersed-dot dith- 
ering, and a generated dot pattern has: 

(1 ) a set of element pixel blocks in which distri- 
bution of dots in each element pixel block cor- 
responding to each element mask is the same 
at every gray level; 

(2) low irregularity or pseudo-periodicity at any 
low gray level at a First level or thereafter, 

(3) an equal number of dots in all element pixel 
blocks at every level; and 

(4) an equal number ol dots in lour partial ele- 
ment pixel blocks each having a quarter of each 
element pixel block at every 4n (n indicates an 
integer) gray level. 

19. A computer-readable storage medium storing a 
control program for controlling a gray level repro- 
ducing process for representing density of each pix- 
el of an output image by binary or multivalue data 



by corresponding each pixel of an original image 
one to one to each pixel ol a threshold matrix (a 
mask), comprisrig: 

5 a threshold matrix having a sire smaller than 

the reference size of the pixel block, dot pat- 
terns generated in a pixel block of a reference 
size having non-blue noise properties at every 
gray level, wherein no moire having visually un- 
it? desired contrast nor an artifact such as a con- 
stant repetitive pattern, etc. caused by the 
mask itself is generated in an output image 
when an input image receives a gray level proc- 
ess and the Image Is output through an output 
i£ device having a resolution of over 600 dpi; and 
a module for comparing a value of the threshold 
matrix as a threshold with density of each pixel 
of an original image for each pixel, and control- 
ling an output of binary or multivalue dot pat- 
20 terns depending on a comparison result. 

20. A computer-readable storage medium storing a 
control program for controlling a gray levetTepro- 
ducing process for representing density of each pix- 

25 el of an output image by binary or multivalue data 
by corresponding each pixel of an original image 
one to one to each pixel ol a threshold matrix (a 
mask), comprising: 

30 a threshold matrix havong dot patterns generat- 

ed only by the threshold matrix having non-blue 
noise properties at every gray level wherein no 
moire having visually undesired contrast or an 
artifact such as a constant repetitive pattern, 

35 etc. caused by the mask itself is generated 

when an input image receives a gray level proc- 
ess; and 

a module for comparing a value of the threshold 
matrix as a threshold with density of each pixel 
40 of an original image for each pixel, and control- 

ling an output ol binary or multivalue dot pal- 
terns depending on a comparison result. 

21. A computer-readable storage medium storing a 
46 controt program for controlling a gray level repro- 
ducing process for representing density of each pix- 
el of an output image by binary or multivalue data 
by corresponding each pixel of an original image 
one to one to each pixel of a threshold matrix (a 

so mask), comprising: 

a threshold matrix having a plurality of inde- 
pendent spectra, of a two-dimensional domain 
frequency spectrum of a dot pattern generated 
bs only by the threshold matrix . caused by perio- 

dicity of the threshold matrix at every gray level, 
wherein no visually undesired artifacts is gen- 
erated in an output image, which has received 
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a gray level process, by introducing low irregu- 
larity (perturbation) to distribution of dots at a 
plurality of gray levels, and by assigning noise 
elements having a small amount of low fre- 
quency elements to a spectrum in a one-diman- $ 
sional radius direction; and 
a module for comparing a value of the threshold 
matrix as a threshold with density of each pixel 
of an original image lor each pixel, and control- 
ling an output of binary or multivalue dot pat- *o 
tems depending on a comparison result. 

22. A computer-readable storage medium storing a 
control program for controlling a gray level repro- 
ducing process for representing density of each pix- is 
el of an output image by binary or multivalue data 

by corresponding each pixel of an original image 
one to one to each pixel of a threshold matrix (a 
mask), comprising: 

20 

a threshold matrix mask having a size of an ar- 
rangement of a plurality of masks (element 
masks) of a size used in dispersed-dot dither- 
ing, wherein a generated dot pattern has: 

25 

(1) a set of element pixel blocks in which 
distribution of dots in each element pixel 
block corresponding to each element mask 
is the same at every gray level; 

(2) low irregularity or pseudo-periodicity at 30 
any low gray level at a first level or there- 
after; 

(3) an equal number of dots in all element 
pixel blocks at every level; and 

(4) an equal number of dots in four partial 35 
element pixel blocks each having a quarter 

of each element pixel block at every 4n (n 
indicates an integer) gray level; and 

a module for comparing a value of the threshold *o 
matrix as a threshold with density of each pixel 
of an original image lor each pixel, and control- 
ling an output of binary or multivalue dot pat- 
terns depending on a comparison result. 

46 

23. A gray scale reproducing apparatus of associating 
each pixel of an original image with each pixel of a 
threshold matrix (mask) on a one-to-one corre- 
spondence to reproduce the density of each pixel 

of an output image using binary or multivalue data, so 
wherein: in the anisotropy of dot patterns generated 
only by a threshold matrix, the dot pattern has a 
spectrum having a mean value of 3 dB or more at 
every gray level and a maximum value of 10 dB or 
more, and no moire having visually undesired con- s$ 
trast or no artifact such as a constant repetition pat- 
tern caused by the mask is generated in an output 
image. 
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FIG. 7 
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FIG. 8 




46 



EP 0 963 105 A2 



FIG. 9 
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FIG. 10 
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FIG. 12 
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FIG. 15 
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FIG. 16 
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